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IN'W3STIGATIONS OF SOLID CHEMICAL BARIUM 
RELEASE SYSTEMS 

By D. T. Hodder, R. B. Kimball, 
and W. W. Wrinkle, J r .  

North  hmrican  Rockwell,  Space  Division 

SUMMARY 

Consis tent ly  lower barium  (Ba)  vapor  release  yield is  obtained  with 
barium-cupric  oxide  (Ba-CuO)/canister  release  systems  than i s  predicted 
by theory  ( i .e. ,  1 t o  7% a c t u a l  compkred to 28 to 30% t heo re t i ca l ) .   Th i s  
i nves t iga t ion  was d iv ided   i n to  two  phases: Phase I which considered  possi- 
ble w a y s  of improving  the  eff ic iency of the  Ba-CuO/canister  system  and 
Phase 11 which  considered  alternate  solid  chemical  systems  selected on a 
t h e o r e t i c a l   y i e l d   b a s i s  and  findings  from Phase I. The approaches  used in 
the  phases are summarized  below: 

Phase I - BaCuO/Canister Systems (27 t e s t s )  

o The system  consists  of a canis te r   conta in ing  a compressed thermite 
mixture of Ba and CuO which generates enough heat t o  vaporize an 
excess of B a  and  rupture a nozzle seal ( f igure  2 )  t o   r e l e a s e   t h e  
Ba vapor int o a vacuum. 

o The r e l a t i v e   e f f i c i e n c y  of B e  vapor  production was determined by 
measur ing   the   in tegra ted   in tens i ty  of the 5535fi n e u t r a l  barium 
atom  (Ba")  and t h e  455461 barium  ion (Ba-t) resonance lines over t h i s  
period of t he   can i s t e r   r e l ease   ou tpu t .  

o Es t ab l i sh  a standard  performance  index  for  the Gerrcan design 
(3Kg, 75% Ba-25%  CuO) canis ter   under  a control led vacuum t e s t  
environment. 

o Determine t h e   e f f e c t s  of s ca l ing  down t o  a small t es t  c a n i s t e r  
(288 gm.). 

o Determine r e l a t i v e  improvements in B a  vapor   yield resulting from 
small s c a l e   c a n i s t e r  tests of: 

o Variat ion of composition (Ba-CuO weight   percent   ra t ios)  

o Variation of compressive force  in canister loading 

o Variat ion of blowcut diaphragm s t r eng th  (0, 53 and 100 
atmospheres) 

o Variat ion of Ba particle size (1 t o  3 mm and 0.1 t o  0.3 mm) 
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o Effects of h u l a t a d  canister w a l l  and  graphite  nozzle 
throat 

Phase I1 Alternate  Chemical  Systems  (15 t e s t s )  

o Using t he  same t ype   masuremnts ,   eva lua te   t he   r e l a t ive   y i e ld  of 
Ba vapor  from  two alternate systems:  barium-molybdic  oxide 
(Ba-MoO ) and  barium  physically  separated  from an aluminum molybdic 
oxide  tilermite (Ba/Al-M003) 

o Es tab l i sh  a standard  for  comparison t o   t h e  75% Ba-25% CuO mix 
under same t e s t   c o n d i t i o n s  

The results of t he  Phase I tes ts  were h ighly   var iab le  and indicated a n  
order  of  magnitude  range in Ba vapor  yield  under  presumably  identical con- 
d i t i o n s   f o r  sone of the  Ba-CuO/canister  system  tested.  Because  of t h i s ,  
it was recognized  that  mador problem  existed  with  the  Ba-CuO/canister 
systems. A s ign i f i can t   i nd ica t ion  was t h a t   t h e  Ba-CuG react ion  with  an 
excess  of Ba admixed was quenched  due t o   h e a t  loss in the   can i s t e r .  The 
s i z e  and  shape of Ba p a r t i c l e s  used (1 t o  3 m) in  the  "s tandard"  formula-  
t i o n s  (most  of t he  Phase I t e s t s )  was such t h a t  poor mixtures with  the 
smaller s ized CuO were  produced. This  occurred  even  though  incremntal 
pressing and a range  of  compressive  forces were used.  This  mixture i nhomo-  
gene i ty   con t r ibu ted   t o   t he   va r i ab le   r e su l t s   ob ta ined .  Another f a c t o r  
respons ib le   for  low Ba vapor  yields was the   so lu t ion  of Be i n   t h e   l i q u i d  
copper  produced by the  react ion.   This   lowered  the  quant i ty  of Ba vapor 
ava i l ab le   fo r  release. It was also  determined  that  a low pressure  nozzle 
seal - blowout  diaphragm  gave  higher l ight   output   than  the  s tandard 100 
atm. diaphragm. 

The Phase 11 experiments may be regarded as lumped parameter tes ts  
in t h a t   s h u l t a n e o u s   s o l u t i o n  of s eve ra l  problems i d e n t i f i e d  in Phase I 
was attempted. The changes  for a l l  Phase I1 t es t s   inc luded;   the   removal  
of   the blowout  diaphragm,  use of similar s i z e d   p a r t i c l e s  of Ba and oxide 
t o  insure  a more  homogeneous mixture  and  prevent  separation when loading 
i n t o   t h e   c a n i s t e r ,   u s e  of  uncompacted m i x t u r e s   t o   f a c i l i t a t e   i g n i t i o n  and 
remove po ten t i a l   f i r e   haza rds  i n  compression  packing,  and  selection  of an 
alternate oxidizer  (MOO ) t o  minimize  Ba-liquid mtal  so lu t ion .  The 75% 
Ba-25% CuO formulation z es t ed  under  these  Phase I1 conditions  served as a 
reference  against   which the MW chemical  systems were compared d i r ec t ly .  
The Ba-MoOg system was OM of t he  some t h e o r e t i c a l   y i e l d  as t h e  Ba-CuG system 
but formed a s o l i d  wtal product (Mo) ins tead   of   the   l iqu id  metal Cu. The 
results were t h a t   t h e   r e l a t i v e   y i e l d  of Ba vapor from 9a-MoU3  was about 
double that of t h e  Bk-CuG. The Ba/Al-Md3 was a f o m d a t   i o n  having a theo-  
r e t i ca l   y i e ld   abou t  1.67 t imes   g rea te r   than   the  Ba-CuO and a l s o  as t e s t e d ,  
t h e  Ba granules were separated  from  the Ala003 thermite  mixture in the  
can i s t e r .  The tests r e s u l t s  gave a r e l a t i v e  Bo vapor  yield  for  t i le Ba/ 
Ala003  system of about 10 t i m a   t h a t  of t he  Ba-CuO standard of c o m w i s o n .  
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INTRODUCTION 

E x p e r b n t a l   r e l e a s e s  of alkali =tal vapors have  been successful ly  
conducted for many years  in t h e  l m r  and  upper  atmosphere  (e.g.,  see 
reference 1). These releases were directed  pr imari ly   towards  s tudy  of   the 
individual  photochemical  ionization  processes as t o  M e r  properties  and 
s tudy phenomena of t h e  upper  atmosphere  and  ionosphere, in p a r t i c u l a r   t h e  
s t u d y   o f   e l e c t r i c a l   f i e l d s .  For t hese   s tud ie s  small rocket releases a re  
general ly   adequate   and  no  ser ious  technical   d i f f icul t ies  exist. B a r i u m  
vapor releases in interplanetary  space have  been  propcsed fo r   t he   s tudy  
of the   in te rp lane tary   mdium  and   f ie lds ,  and mapping of  planetary  magnetic 
f ie lds .   Figure 1 presents  a recent  summary of such e x p e r h n t  concepts. 
These  experiments may in general  be character ized as requi r ing   the  prcduc- 
t i o n  of l a rge  plasma  clouds, whose motion may be s tudied from earth-based 
obsexvatories.  These l e a d   t o   t h e   r e q u i r e m n t  of  payloads  having  higher 
y i e l d  of Ba vapor. 

The resonance  l ine of Ba+ ion  a t  4554; (b lue)  and the  resonance  l ine 
of BaO neu t r a l  a t  5 5 3 5 1  (green) are v i s i b l e  at t h e   e a r t h ' s   s u r f a c e  which 
allows for   v i sua l -opt ica l   observa t ion  and measuremnts.   In  space  the 
re leased  Ba vapor is  photoionized  and  both BaO and Ba+ are   exc i ted  by 
s o l a r   i r r a d i a t i o n   t o  emit the i r   resonance   l igh t .  The i n t e n s i t y  of the  
resonance  radiation,  under  certain  conditions,  is  p r o p o r t i o n a l   t o   t h e  nun+ 
ber of rad ia t ing   sources  and thus  can be used t o   i n d i c a t e   t h e   y i e l d  of 
the  release  systems. 

Lust,  Foppl,  Haerendel  (refs. 2, 3, 4 )  and others  a t  Max Planck 
I n s t i t u t e ,  West Germany had studied  several   systems and  from  laboratory 
and f l i g h t   e v a l u a t i o n s  of  these  systems had determined  that   the  Ba-CuO 
system was t h e  best. 

However, performance of t h i s  system as in fe r r ed  from ac tua l   r e l eases  
i s  disappoint ing  ( i .e . ,  2 t o  7% according t o   r e f e r e n c e  1 and 3 ) .  This is  
n o t   e f f i c i e n t  enough when it i s  recognized   tha t   severa l  kg. of free  barium 
are   required  for   product ion  of  a barium  vapor  cloud  visible  from  the  earth 
at even  the nearer edge of the  geo-magnetosheath ( 5 4 5  e a r t h   r a d i i ) .  

This   s tudy was planned t o  investigate possible  ways of improving the  
y i e l d  of Ba vapor  released from solid  chemical/canister  systems. The 
Ba-CuO mixture is  a thermite  mixture with excess Ba t o  be vaporized by t h e  
exothermic  heat  of  reaction: 

Ba + CuO - BaO + Cu i- AH 
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Prac t i ca l ly ,   t he   e f f i c i ency  of d e f h g r a t i o n  and  subsequent Ba vapor  release 
from t h e   c a n i s t e r  l e f t  roan for much improvemnt. It appeared  that   the 
physical  arrangement  and mechanisms operating were i nhe ren t ly  of  low 
e f f i c i ency .  

The e x p e r i m n t a l   p a r t  was d i v i d e d   i n t o   e f f o r t s   t o  improve the  perfor- 
mance of the  Ba-CuO/canister  system  (Phase I) and inves t iga t ion  of 2 other  
systems  with  theoret ical   potent ia l   (Phase 11). 

I n  Phase I an improvemnt in sol id   chemical   bar ium  release  eff ic iencies  
was invest igated by s t u d i e s  of e f f e c t s  on c a n i s t e r  performance of varying 
the  following  parameters of the  Ba-CuO system: 

1. Payload s i z e  
2. Chemical  formulation 
3. Formulation  density 
4. P a r t i c l e   s i z e  
5 .  Blow-out  plug s t r eng th  
6. Thermal i s o l a t i o n  of c a n i s t e r  w a l l  

The primary measured  parameters  used t o  e v a l u a t e   c a n i s t e r   t e s t s   a r e  
t h e  following: 

o Reo - 5535 Resonance l i n e  
o Ba+ - 4554 ! Resonance line 
o Pressure-time  traces 

Due t o   t h e   e r r a t i c   b e h a v i o r  of t hese   pa rame te r s   i n   t he   ea r ly   t e s t s  
in the   s e r i e s ,   add i t iona l  (and in s o m  cases  redundant)  masurements m r e  
added t o   o b t a i n  a b e t t e r  basis for evaluat ion of canister  performance. 

The con t ro l l ed   va r i ab le s   a r e   l i s t ed  below: 

0 

0 

0 
0 

Canister   configurat ion ( s d  canis te r ,   see   f igure  2) 
Diaphreppl burst messure 
Ba p a r t i c l e   s i z e  (large 1 t o  3 mm or s m a l l  0.1 t o  0.3 m) 
Formulation  composition  (percent barium to   cupr i c   ox ide   r a t io )  
S p e d  of window r o t a t i o n  (r.p.m.)  Records Ba depos i t i on   r a t e  - see  f igure 3 
Gap/compmssion  (measured at t o p  of c a n i s t e r  due t o   v a r i a t i o n  
in compressive  force) 
Presence of t h e d  i n s u l a t i o n   ( i n t e r i o r )  
Carbon t h r o a t   i n s e r t s  or unlined  nozzle for same size  opening 
Number of squibs used for i g n i t i o n  



o Number of layers used in compacting c a n i s t e r s  
o Vendor aource for barium  used 
o Weight  of  charge of Ba-CuO f ormulotion  (normally 3 kg f o r  large 

c a n i s t e r  or 288 gm for small c a n i s t e r s )  

Addit ional ,   uncontrol led  var iables   or  masuremsnts are given below: 

Blue line (Ba+) i n t e n s i t y ,  psak and in tegra ted   va lues  
Green line (BaO) in t ens i ty ,  psak and in tegra ted   va lues  
Peak pressure and  pulse  duration 
Blue  (Ba+)/Green (BaO) r a t i o  
Light  duration,  blue line, green line, and t o t a l  

E f f lux   t ime   by   t h ree   t echn iques :   p re s sw,   l i gh t ,  and window 
deposi ts  
Time t o  diaphragm  burst 
Residue  condition,  size,  color,  composition 
Buildup of material  around  nozzle 
Reaction  percent of completion by in t e rna l   r e s idue   ana lys i s  
Internal   temperature  
Erosion of nozzle 

Plume geomstry 

Additional paramters measured pe r iod ica l ly   a r e :  

o Ref l ec t ion   g ra t ing   v i s ib l e  range spectrum 
o Chemical  and physical  composition of selected  deposi ts ,   res idue,  

o Ba t o  Cu r a t i o  and tixe h i s t o r y  in sequsn t i a l  window deposi ts  

I n  Phase I1 a series of alternate solid  chemical  barium release systems 

and nozzle material 

were t e s t e d  using the  same fundamsntal measuremsnt techniques. These sys- 
t e m   a r e   l i s t e d  below;  they  also  incorporate  certain  physical   improvemnts 
recognized in the  course of the  Ba-CuO studies .  

System A:  Ba-CuO, 75% by weight  barium and 25% by weight  copper  oxide 

System B; Ba-MoO3, 8& by weight  barium  and 2C$ by weight of 
molybdic  oxide 

System C :  Ba + Al-MoO3, 45% by m i g h t  of barium  and 35% by weight 
of a mixture of (2.67 t o  1 weight r a t i o  mix of molybdic 
oxide t o  aluminum) 

The Ba-CuO system was r e t e s t e d   t o   p r o v i d e  a tasis f o r   d i r e c t  comparison. 

With t h i s  backgrcund it i s  now poss ib l e   t o   p roceed   t o  a discussion of 
the  experiment  methodology. 
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APPARATUS AND PROCEDURES 

Theory  of Optical  Measurements 

The react ions  postulated  produce  suff ic ient   temperature  and pressure 
t o   r a i s e   t h e  barium  atoms  and  ions t o   e x c i t e d   s t a t e s  upon absorption of 
that   energy.  I n  general,  the  energy  acquired  through an absorption pro- 
ces s  may subsequently be l o s t  i n  one of s e v e r a l   d i f f e r e n t  ways. The most 
probable  and  important way ( i n   t h i s   c a s e )  i s  by r a d i a t i v e   t r a n s i t i o n   i n t o  
a s t a t e  of lower energy. 

B a r i u m  being one of t h e  alkaline ea r th   e l emnt s   posses ses  two e l ec t rons  
i n  i t s  outermost 6s s h e l l .  One of t h e  6s e l e c t r o n i c   t r a n s i t i o n s  i s  the  
" f i r s t "  singlet t r a n s i t i o n  - lpl ( resonance  l ine) .  It represents  a 6s 
e l e c t r o n  being r a i s e d   t o   t h e  Pirst avai lable   energy  level ;   lowest  common 
e x c i t e d   s t a t e  of the atom. From here,   the   e lectron  can  only  drop back i n t o  
i t s  o r i g i n a l   l e v e l ,  hence r e tu rg ing   t he  atom t o  i t s  ground s t a t e   w i th   t he  
r e l ease  of a photon  with a 5535A wavelength. 

I f   t h e  barium  atom i s  ionized  the  "resonance"  l ine has  a d i f f e r e n t  
value.  This comes from  the  fact   that   the  remaining 6s e i e c t r o n  is drawn 
c lose r   t o   t he   nuc leus  due t o  i t s  unbalanced  positive  charge. Hence, there  
i s  a chan e in the  energy  levels .  The f k s t  ( " r e sonance" )   l i ne   t r ans i t i on  
i s  2S4 - %3/2 which y i e l d s  a photon  with a 455L1 wavelength.  These  two 
wavelengths ari e a s i l y  produced  and r e s u l t  from  one-step  radiative  transi-  
t i o n .   T h e i r   i n t e n s i t y  is  p ropor t iona l   t o   t he  number of rad ia t ing   sources  
under   cer ta in   condi t ions.  Thus determinations  can be made of t h e   r e l a t i v e  
vapor   concentrat ion  f rom  such  spectroscopic   intensi ty   masuremnts .  

The fundamental  objective of t h i s   s t u d y  is  a comparison  of  the  rela- 
t i v e  performance  of  various  physical  and  chemical  formulations and loading 
techniques in a se t   can is te r   conf igura t ion   ( see   f ig .  2 ) .  I n  th i s   s ense ,  
the  stu&J i s  no t   an   abso lu t e   i nves t iga t ion   i n to   t he   p red ic t ed  results af 
such a r e l ease  at p rec i se ly   s imu la t ed   a l t i t udes  between 400 km and 5 e a r t h  
r a d i i .  Such a study would require  extremely large, u l t r a - h i g h  vacuum 
chambers  and  long d i f fus ion   t ime   s tud ie s  in a magnet ic   f ie ld .  

I n  performance  of the  experimental   portion of this   s tudy,   the   pr imary 
object ive i s  t o  simulate only those  features   necessary  to   prevent   biasing 
the  outcome  of t h e   t e s t s  so t h a t   s e l e c t i o n  of o p t W  formulat ions  resul ts .  

Vacuum Techniques 

The i n i t i a l   o b j e c t i v e  i s  t h e   s e l e c t i o n  of the  proper vacuum range for 
t h e   t e s t  system,  weighing  factors of realism of simulation  versus  cost  and 
time  for  performance of tes t s .   F igure  4 p resen t s   t he   bas i c   t r ade -o f f s ,  
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showing vacuum range in r e l a t i o n   t o   r e a l i z a b l e  sys tem  capabi l i t i es  and 
seve ra l   r e l ease   a l t i t ude   s imula t ions .  

On t h e   b a s i s  of t he   r e l a t ionsh ips   dep ic t ed  i n  f igure  4 the  minimal 
requi rement   for   re lease   a l t i tude   s imula t ion   does   no t   necess i ta te  ultra- 
high vacuum techniques.   Further  relaxation of vacuum requirements from 
t h e  very high vacuum ( hz 400 km a l t i t u d e )   t o   t h e   h i g h  vacuum ( = 100 km 
a l t i t u d e  range), permi t s   u t i l i za t ion  of mechanical pumps. This may be 
done with  re la t ive  safety  s ince  the  pr imary  concern i s  i n t e r a c t i o n  of the  
barium plume wi th   f ree  oxygen or other  active  gases.  Since  the  system i s  
f i r s t  purged  with  argon, t h i s  danger is  reduced  and  conditions  well above 
t h e  400 km lower limit described above may be adequately  simulated. 

Test  Chamber 

The t e s t  chamber is  approximately .8m inside  diameter and 2.3m long, 
having a volume about loo0 liters. It has one viewing window lOmm diame- 
t e r .  The vacuum pump, a Kinney KDH-130, can pump the chamber d m  t o  
about   to r r ,  and when t h i s  chamber is  sealed  off  from  the pump it has  
a l e a k   r a t e  of 5 x t o r r  per minute  (see  figure 3 ) . 

The loaded  canis ter  w a s  clamped t o  a mtal frame  which could be locked 
i n  p o s i t i o n   i n   t h e   t e s t  chamber to   pos i t i on   t he   can i s t e r   p rope r ly  in front  
of  the tank window. This fram a l s o  incorporated a r o t a t i n g  window, a 
45 cm d i a m t e r   d i s c  of  47 mm Lucite,   shielded on both  s ides   except   for  a 
c i r c u l a r  10 cm diameter  viewing  area  near i t s  periphery. When the  Luci te  
d i s c   r o t a t e s  past the  exposed  viewing  area  ( ideally  the  t ime  for 1 revolu- 
t ion  should  equal   the  burn  t ime of t he   can i s t e r  being t e s t e d )  it continu- 
s l y  exposes  fresh  Lucite  surface t o  reduce   l igh t   a t tenuat ion  by the f i lm 
of vapor  and  debris  deposited on t h e  window. 

For the  small  ll0 cu?, c a n i s t e r   t e s t s  on Phase I t h e  axis of t h e   e x i t  
nozzle was 10 cm from t h e   r o t a t i n g  window which w a s  28 cm from the  Lucite 
t ank  window. For the   l a rge  3 kg c a n i s t e r s ,   t h e   j e t  was 46 cm from  the 
r o t a t i n g  window. 

The spec t romter   en t rance  sl i t  was placed in the   cen te r  of the  tank 
window as close t o   t h e  window as possible (23 cm) and with  the  opt ic  axis 
of the  spectrometer  perpendicular t o   t h e  axis of t h e   j e t .  The spectro- 
meter  entrance slit was t h u s  63 cm from  the small c a n i s t e r   j e t s  and 99 cm 
f rom  the   l a rge   can i s t e r   j e t s .  A l l  Phase I1 c a n i s t e r s  were 88 cm from the  
exi t  slit. (See f igu re  3 f o r  a diagram of t h e   t e s t   s e t  up  and o p t i c a l  
path.)  

Spectrographic  Measuremnts  (See  Figures 3 & 5 for  Reference ) 

I n  add i t ion   t o   t he   spec t rum lines of ionized  and  neutral  barium in 
the  luminous je t ,  t he re  may be considerable contimuum r a d i a t i o n  from 
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incandescent  copper particles. Since  barium  oxide  vaporizes at 3000° C, 
which is only s l i g h t l y  above t h e   r e a c t i o n  temperature predicted  from  approx- 
imate  thermodygamic  calculations,  interference  from  the BaO bandheads at 
5493 and 5644 A was feared. Because  of t h i s ,   t h e   s e l e c t i v e  and l e s s  
cost ly   spectroscopic  technique was chosen  ra ther   than  the  use of narrou 
b u d p a s s  interference filters. 

A Jarrell-Ash Model 75-000, f/6.3  plane  grating  spectrogram  modified 
by the   add i t ion  of a Jarrell-Ash Model 75-010 pho toe lec t r i c   a t t achmnt  was 
used t o  monitor  the 5535 Angstrom l i n e  f o r  Bao and the 455h  Angstrom l i n e  
f o r  Ba+.  The spectrograph  has a foca l   l ength  of 750 mm, uses a 5,906 l i n e s /  
cm grating,  and produces a s ctrum  having a linear dispersion i n  t h e   f i r s t  
order of 20.5 A/m. a t  4500 E The pho toe lec t r i c   a t t ach ren t  allows 4 c a l i -  
brated  photomultiplier tubes, exit slits, and q u a r t z   l e n s e s   t o  be mounted 
at the  focus  of  the  spectrograph in place of the usual  photographic film 
p la t e .  The exit slits, lenses, and tubes  mey be precisely  posi t ioned so 
each  tube  modtors  only ollb E p s C t r U U l  lh. Exit S l i t 8  81'8 0.075 U h O t e r s  
wide  and weme f i l i e d  by ~ h e  luminous plume, entrance s l i t  i s  0.025 mm, 
tubes are se l ec t ed  1P28. The wavelength  bandpass is  1.54 A. 

E x i t  s l i ts  were f i r s t   a l i g n e d   v i s u a l l y  using a Westinghouse  hollow 
cathode  barium lamp as the   l igh t   source .  Final adjustments  for maximum 
response were  done by observing  the  output of  1P28 tubes whose posi t ions 
behind  the sl i ts  had  been  optimized for   ou tput .  A voltage of -1000 was 
used on the  tubes.  The response of the  2 channels was equal ized  to   give 
the  same response t o   t h e  Ba 4554 l i n e  when the   g ra t ing  was r o t a t e d   t o  
p o s i t i o n   t h i s  line f i r s t  a t  one e x i t  s l i t  and then a t  the  other .  The c h a p  
ne ls  were equalized by ad jus t ing   the   tube   load   res i s tances  which were 
potentiometers  that  could be adjusted  then  locked i n  posi t ion.  

The spectrometer  output was recorded by Tektronix  type 551  double 
beam o s c i l l o s c o p e s   s e t   t o   t r i g g e r   i n t e r n a l l y  on the   s igna l  being observed 
and  produce a sFngle  sweep. On some of t h e   f i n a l   t e s t s   t h e   l i n e   i n t e n s i -  
t i e s   m r e   a l s o   r e c o r d e d  w i t h  a high  input impedance D.C. power amplif ier  
driving  oscillograph  galvanometers. 

Pressure  Measurements 

I n   t h e  init ial  a t t empt s   t o   masure   p re s su re ,   cons ide rab le   d i f f i cu l ty  
was encountered  obtaining  data, due t o  condensation of  barium  vapor or 
molten  reaction mixture in the  pressure tube inlet port .  The d i f f i c u l t y  
was overcome by using a recessed  pressure  port  with  the  end of the pressure 
tubing  isolated  from  the w a l l  and curved t o  face away from the   reac t ion  
mixture. 

High pressure   s tee l   tub ing  was used t o  transmit the  pressure from the  
c a n i s t e r   t o  a Kistler 603A pressure transducer.  The transducer was mounted 
as close as p o s s i b l e   t o   t h e  canister e x t e r i o r .  
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For t h e  small c a n i s t e r s ,   t h e   t o t a l   l e n g t h  of  pressure  tubing was 28 cm 
wi th   t he  1 5  cm near   the  canister f i l led  with  argon,   and  the  other  13 cm 
f i l l e d   w i t h  D a w  Corning 550 s i l i c o n e  o i l  t o   p r o t e c t   t h e   t r a n s d u c e r .  For 
t h e  large canisters, t h e   t o t a l   l e n g t h  of  tubing was 35 cm, 23 cm f i l l e d  
w i t h  argon,  and 1 2  cm wi th   s i l i cone  oil. On t h e   l a r g e   c a n i s t e r   t e s t s ,   t h e  
tub ing  was protected from the   hea t  of t h e  j e t  by wrapping it with  high 
temperature Mylar t ape   then   wi th  0.051 mm s t e e l  shim  stock. 

The signal from the   t ransducer  was t ransmi t ted  by a spec ia l  Kistler 
h igh   leakage   res i s tance   coaxia l   cab le   to  a Kistler model 566 e l e c t r o s t a t i c  
charge  amplifier whose output was recorded on a s ing le  sweep osci l loscope.  

Time t o  Diaphragm B u r s t  

The tirne i n t e r v a l  between t h e   e l e c t r i c a l   p u l s e   t o   t h e   s q u i b  and the  
rupture  of t h e  pressure diaphragm was masured  by an  oscil loscope which 
t r igge red  and swept on t h e   f i r i n g   p u l s e   t o   t h e   s q u i b  and recorded   the   t r ig -  
ger ing  of   the 5535 l ine   i n t ens i ty   o sc i l l o scope  by recording i ts  plus   gate  
output .   Since  the  spectrometer   osci l loscopes  t r iggered  internal ly ,   the  
s ta r t  of t h e i r  sweep coincides   with  the start of the   l igh t   ou tput  from 
t h e  je t .  

Temperature  Measureants 

After unsuccessful  attempts  with  commercially  available  thermo- 
couples,  temperature mzasurements  of t h e   c a n i s t e r   i n t e r i o r   d u r i n g   f i r i n g  
were obtained on small can i s t e r s  by high  temperature  thermocouples  (tung- 
s t e n   p l u s  26% rhenium,  tungsten  plus 5% rhenium)  sandwiched  between 1 mil 
Mylar shee t s  and  placed  between  the O-ring and canister buiy. The thermo- 
couple  junction was 1 cm away from the  wall and w e l l  away from  the  squib. 
Thermocouple  output was amplified 100 t i roes   (cal ibrated)  by an Epsco DA-102 
C D.C. ampl i f ie r  and  recorded on a s ing le  sweep oscilloscope.  Figure 6 pro- 
vides  a means for   conver t ing   vo l tages   to   t empera ture   da ta .  

Je t  P l u m  Spectrum 

A v i s ib l e   l i gh t   spec t rum was taken  of one small can i s t e r  using a small 
spectrograph similar t o   t h e  one descr ibed in Reference 5. An Gsram cadmium 
lamp was used as a reference  spectrum and t he  spectrum posi t ions  read  with 
a Caertner  traveling  microscope. 

The osci l loscope  records show the   r e l a t ive   spec t rum  l i ne   i n t ens i t i e s ,  
and from t h e  areas under   the  curve,   the   re la t ive  integrated l i g h t  outputs.  
The r a t i o  of  spectrum l ine i n t e n s i s i t i e s  due t o  ionized and neu t r a l  barium 
was used as a comparative measure of t h e   r a t i o  of concentrat ions of ionized 
t o   n e u t r a l  barium in the  luminous jets. A cmpara t ive  masure of t o t a l  
emitted  barium  vapor  for  the  various  formulations was obtained by com- 
par ing   the  sums of t h e  tirne in tegra ted   l igh t   ou tputs   for   bo th   ion ized  and 
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neutral   barium  obtained during each  of  the t e s t  f i r i n g s .  These  numbers a re  
only relative, but   they  a l low  opt imizat ion  of   the  formulat ions  for  maximum 
r a t i o  of  ionized t o   n e u t r a l  barium or f o r  maximum t o t a l   e m i t t e d  barium. I n  
o r d e r   t o   a s s i g n   a b s o l u t e   v a l u e s   t o   t h e   r a t i o s   o f   i o n i z e d   t o   n e u t r a l  barium, 
it is n e c e s s a r y   t o  assum thermodynamic equi l ibr ium in t h e  luminous  source, 
and t o  ausu1Iy) some value  for   the  temperature  and f o r   t h e  pressure, both  of 
which  vary  along  the j e t .  If these  assumptions are made, then  the  Bol tz-  
mann and Saha equat ions may be used  together  with  the  values of t he  trans- 
i t i o n   p r o b a b i l i t i e s  and s ta t is t ical  weights  of  the  atomic states f o r  t h e  
spectrum lines t o   ca l cu la t e   abso lu t e   va lues .  Due t o   t h e   v a r i a t i o n s  in 
plume g e o m t r y  and temperature noted,   these  calculat ions were not  attempted. 

A possible  source  of error in spectroscopic  determinations of t h i s  
type i s  t h e  self  absorpt ion or self r e v e r s a l  of spectrum lines, r e s u l t i n g  
i n  lines having   e i ther  a f la t  top,  or a d i p  a t  the   top .  To e v a l u a t e   t h i s  
source of e r r o r ,  a spectrogram was taken on film of one of  the luminous 
j e t s  and t h e  l ine shape  profiles  checked by scanning  the  f i lm  in   an  Applied 
Research  Laboratories Model 22,100 Spectroline  Scanner.  This  microphoto- 
meter automatically  scans  the  spectrum lines and  produces a s t r i p   c h a r t  
record of photographic   densi ty   across   the  l ines .  

Je t  Plume Geometry 

The  plume shape or cone angle was determined by t ak ing   s eve ra l  open 
shut ter   photographs  of   canis ter   f i r ings,  and on  one tes t ,  by placing a 
large  metal   wi tness   plate  downrange  from t h e   j e t  and perpendicular t o   t h e  
j e t  axis and  observing  the  pattern of deb r i s  on the   p l a t e .  

Canister  System 

The s m a l l  s ize   can is te r   sys tem employed is  shown in Figure 2. The 
l a rge  s ize  system is  i d e n t i c a l  in all respec ts   save   in te rna l  v o l m .  

Outline of B a r i u m  Handling  Procedures 

The safe  handling  of  barium mtal, e s p e c i a l l y   i n  a finely divided 
p a r t i c u l a t e  form, requires  an  understanding of i t s  chemical  properties  and 
the  potent ia l   hazards   involved.   This   sect ion  descr ibes  i t s  s a f e t y   c r i t i c a l  
c h a r a c t e r i s t i c s  and ou t l ines   t he  major operational  steps  followed in t h i s  
experimental  study. 

B a r i u m  e t a 1  has a v e r y   s t r o n g   a f f i n i t y   f o r   o q g e n  and  oxygen contain- 
i ng  compounds (one  of i t s  major   indus t r ia l   uses  i s  as a " g e t t e r "   f o r   t h e  
removd of t r a c e s  of  gaseous  oqgen  from  electronic vacuum tubes) .  

Perhaps  the most cr i t ical .   safety  hazard  associated  with  the n o r d  
handling of  barium metal occurs when o v g e n  and small amounts  of  water or 
moist a i r  are allowed t o  corn i n  contact  with  the  barium metal. The chemical 



react ions  that   take  place  re lease  hydrogen  gas  and  enough loca l ized   hea t  
energy t o   i g n i t e  or explode  the oxygen  and  hydrogen  gas  present. 

Halocarbon compounds containing  the  halogen  elements  (f luorine,  
chlorine,  bromine, or i od ine )  in the  presence of barium metal, a l s o  pre- 
s e n t  a sgfety  hazard  because of t he i r   s t rong   ox id i z ing   ac t ion  and  explosive 
p o t e n t i a l  (see reference 6 f o r  a fuller t r e a t m n t ) .  

With the   ca re fu l   p recau t ion   t o   ma in ta in   t he   con t ro l l ed   exc lus ion  of 
free oxygen gas and f ree   water   l iqu id  or vapor  the  particular  hazards af 
concern in t h i s   p a r t i c u l a r   e x p r h n t a l   s t u d y  were those  associated  with 
the  handl ing of pyrophoric materials (thermite  type  materials that cannot 
be extinguished once they  are   igni ted) ,  and a mild  toxicity  hazard  asso- 
c ia ted   wi th   the   inha la t ion  of dilute  acid  soluble  barium compounds from 
airborne  contamination.(Barium  carbonate  has  been  used  as a poison  for 
rodents.  ) 

The following  steps  outline  the  procedures  followed t o  avoid  these 
hazards in t h i s   e x p e r i m n t a l   s t u d y :  

1. B a r i u m  mtal  granules were received from the  manufacturer i n  
hermetical ly   sealed  cans  l ined  with  polyethylene  plast ic  bags 
and containing an i n e r t  atmosphere  of  argon  gas  (the mtal cans 
are shipped in sturdy  boxes  according t o  I C C  regulat ions 
f o r  Class 1 materials  having a h igh   po ten t ia l   f i re   hazard   on ly) .  

2. The air  t igh t   cans  of barium metal were removed from the i r   sh ipping  
Containers and stored in a metal  storage  cabinet in a lab  adjacent 
t o   t h e  test a rea .  

3 .  In   p repara t ion   for  barium metal  screening,  weighing, and t r a n s f e r  
t o  sample containers  used in remote test  operations  the  necessary 
clean dry tools,  containers,  weighing  balance,  sieving  screens, 
and an a i r  t i gh t   can  of barium wtal were placed in a glove  box 
and  purged with dry oxygen-free  argon  gas (mil - A - 18455E) until 
the  glove  box  contained  less  than 0.5% oxygen. 

4. After  completion of the  screening,  weighing and barium metal trans- 
fer   opera t ions ,   the   sea led  sample containers  of  barium metal were 
placed in a l a rge   des s i ca to r ,  all other barium metal containers 
sealed,   the  glove box  opened,  and all barium  containers  returned 
t o   t h e  metal storage  cabinet. 

5 .  In   p repara t ion   for   an   exper imenta l   t es t  a sealed  container of the 
screened and  weighed barium metal sample t o  be used was attached 
t o   t h e  remote  handling  apparatus  within  the vacuum t e s t  chamber 
and  no f u r t h e r  manual handling of t h e  barium mtal containers 
was required  during a t e s t  fking. 
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6 .  A t  the  completion  of a test f i r i n g   t h e  vacuum t e s t  chamber was 
purged  with  an air  f o r  30 minutes ,   the   t es t   can is te r   res idue  was 
sampled,  and  then  completely imnrersed in water t o  hydrolyze any 
unreacted  barium mtal  par t ic les ,   whi le   exc luding   f ree   oggen  
present i n  t h e  air. 

Remote Handling  Apparatus, Phase I1 

Because  of  hazards  experienced  (appendix A & B) it was decided  that  
remote  handling was required  for  conducting Phase I1 experirnents. Thus 
due to   the  increased  impact   sensi t ivi ty   determined  for   System B, as com- 
pared t o  System A ,  a remote mixing, canis ter   loading,   posi t ioning,  and 
f i r ing   sys tem was developed  for all Phase I1 t e s t s   ( s e e   f i g u r e  7). The 
unloaded  canister i s  f i r s t   p l a c e d  in the  support   f ixture  (9. f igure 7) .  

For Systems " A "  and ltBtl , a previously weighed  and sealed sample bot- 
t l e  of  barium i s  then  placed  into  the  remote  handling vacuum chamber f ix -  
t u r e .  An oxidizer  sample  bott le i s  also  placed in i t s  f i x t u r e .  For 
System "C", the  thermite  mixture (aluminum metal powder  and molybdenum 
t r i o x i d e )  is  mixed in air  and p laced   in   the   can is te r   wi th   the  aluminum 
tube  assembly-canis ter   cavi ty   inser t  (15. f igure  2) .  The thusly  loaded 
c a n i s t e r  is i n se r t ed  in holder (9. f igure  7) and Ba b o t t l e  i s  loaded. 
Then f o r  a l l  systems  the  mechanical  and  electrical   connections  are  at tached 
(10. f igure 7) and the  system is  pumped d m   t o  30 torr.   Small-scale 
laboratory tests indicated  that   systems A and B may ignite  spontaneously 
and burn   par t ia l ly  or completely  as a vacuum chamber pressure  between 30 
and 1 t o r r  is  approached i n  pumping  down. 

The two separate  sample b o t t l e s  of B a  metal and oxidizer  for System 
"A" or ltBt' t e s t s   ( s i n g l e  Ba sample b o t t l e   f o r  System "C"  t e s t s )  are 
remotely opened  and  poured i n t o  a l u c i t e  d r u m  -r, and  mix?d f o r  10 
minutes. Then the  thoroughly mixed Ba metal and oxidizer  are  dumped i n t o  
the   can is te r   th rough  the   funnel  (11. f igure  7), the  funnel i s  removed  and 
the   can i s t e r   r e l eas ing   so l eno id  i s  a c t i v a t e d   t o   p o s i t i o n   t h e   c a n i s t e r   f o r  
f i r i n g .  

RESULTS AND DISCUSSION 

B a r i u m  Cupric Oxide  Systems  (Phase I) 

The i n t e n s i t i e s  of t h e  Bao (5335i, green)   l ine  and the  Ba+ (4554;, 
blue)  line were recorded  and  the  integrated  intensi t ies   over   the  per iod of 
emission were used as the   p r imary   ev idence   for   in fer r ing   sys tem  re la t ive  
performance.  Table I and f igure  9 presents a s-- of the  integrated 
l i n e   i n t e n s i t i e s   f o r  a l l  Phase I t e s t s  and ind ica t e s   t he   p r inc ipa l  para- 
meters invest igated.  The r a t i o  of i n t e n s i t i e s  of Ba+ and BaO at any 
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instant is  an index  of   the  plum temperature and hence the  chemical  reaction 
e f f i c i e n c y  when other  system paramters can be assumed t o  remain f ixed.  
Evaluat ion of t h i s   r a t i o  in Table I ind ica t e s  that of  these  parameters, 
t h e   i n t e g r a t e d  BaO and Ba+ l ine intensi t ies   provide  the  best   index  of  
performance f o r  presumable i d e n t i c a l  small can i s t e r  tests. However, t he  
in t eg ra t ed  intensit ies of t he   l a rge  canister tests are unsu i t ab le   fo r  
characterizing  performance  due t o   t h e  range  of  variations  obtained. The 
"s tandard"  large canister  tests were more e r r a t i c   t h a n  any of the "ident i -  
cal" small c a n i s t e r   s y s t e m   t e s t e d  as indica ted  by variable  nozzle  erosion, 
changes in condensed  plasma  residue,  color  and  quantity, and i n t e r n a l  
pressure va r i a t ions .  It should be noted  that   in   comparisons of the  spec- 
t r a l  intensi t ies  f o r   t h e   l a r g e  and small c a n i s t e r s ,   s e l f   r e v e r s a l  of t he  
BaO l i n e s  in t h e  plume and the   different   viewing  geometry  for   the  large 
c a n i s t e r  tests introduced some quest ion as t o   t h e   v a l i d i t y  of such  compari- 
sons.  (See  Table I )  

The t e s t  results of Table I1 i n d i c a t e   t h a t  a higher   pressure  react ion 
i s  occurr ing i n  the  small s i z e  Ra (0.1 t o  0.3 mm) t e s t s .  Photographs  and 
depos i t ion   pa t te rn   ana lys i s   ind ica te   tha t ,  in s h a r p   c o n t r a s t   t o   t h e  
18standard11 1 t o  3 mm. s i z e  Ba whose  plume subtends a 7" angle at the  end 
of t he   t ank  and  widens t o  30" where it ex i t s   t he   nozz le ,   t he  plume f o r  
t h e  0.1 t o  0.3 mm s i ze  Ba e s s e n t i a l l y   f i l l s   t h e  vacuum chamber. This 
d i f f e rence   i nd ica t e s   t ha t  small and l a rge   s i ze  Ba t e s t s  cannot be compared 
on an equal   basis  by comparing the  measured l i n e   i n t e n s i t i e s .  The r a t i o  
of i n t e n s i t i e s  of blue t o  green  l ine  (Table 1) i n d i c a t e s   t h a t   t h e  plasma 
temperature was higher for t he  small s i ze  Ba t e s t s  adding t o   t h e  complexity 
of analysis.   Figure 10 shows a photograph  of a small canis te r  plume. 

Analysis of a visible  range  spectrogram shows t h a t   t h e   p l u m   e x h i b i t s  
continuum as well as resonance  l ine  radiat ion and t h a t   v a r i a b l e   o p t i c a l  
absorpt ion (self  reversal)   occurs .  Using a large  aper ture   grat ing  spectro-  
graph  reference,   the  spectrogram of t h e   j e t  showed  a continuum  or  bands 
extending from the  red down t o  about  the cadmium green   l ine .  The only 
l i ne   f ea tu re   i n   t he   spec t rum was an   abso rp t ion   l i ne   ( l i gh te r   t han  back- 
ground).  Further,  such  spectrograms  might  permit  the  calculation of t he  
temperature  difference  but  the problem  of the  unhown va r i a t ion  i n  the  
plume geometry for   the   h igh   pressure ,  small barium  size  systems  prevents 
such  analysis.   Alternate  approaches  not  implemnted  are  the  emission 
of t he  plume i n t o  a pressurized  neutral   gas  environment t o  confine  the 
plume. However, a temperature  difference would still be expected and 
would  have t o  be accounted  for. 

Figure 9 dep ic t s   t he  dependence  of i n t e g r a t e d   l i g h t   i n t e n s i t y  on t e s t  
parameters.  Theolight  emitked by the  plum from  the barium can i s t e r  was 
recorded a t  5535A and 4554A, (the  wavelengths of resonance  l ines of Ba I 
and Ba 11)  and the   t ime   i n t eg ra t ed   i n t ens i ty  in these  wavelength  regions 
was used as a r e l a t i v e  masure of t h e  amount of  barium  atoms  released 
( r e l a t ive   r eac t ion   e f f i c i ency) .   F igu re  11 depic ts   representa t ive   da ta  



traces.   Absolute  content  of Ba  found in the   r e s idue   i nc remnta l ly   depos i t ed  
on the   ro t a t ing  window i s  also  given.  The Ba deposi t  was t a k e n   t o  be a 
r e l a t i v e  measure of instantaneous Ba concentrat ion  re leased  s ince  each 
sec t ion  of t h e  window was covered  Fmmediately a f t e r  exposure. The agree- 
ment between Ba depos i t ion  and s p e c t r a l   l i g h t   m a s u r e d  is good, e spec ia l ly  
f o r  t es t  #25. This   t ends   to   conf i rm  exper i roenta l ly   the   va l id i ty   o f   the  
r e l a t i o n s h i p  between s p e c t r a l   l i g h t   i n t e n s i t y  and Ba vapor   yield upon 
which our ana lys i s  relies.  WhLLe t h e  lime i n t e n s i t i e s   m y  be a qualita- 
t i v e   i n d i c a t i o n  of r e a c t i o n   e f f i c i e n c i e s ,   c e r t a i n   f a c t o r s ,   t o  be discussed 
below, seriously  complicate  any  simple  quantitative  analysis.  

The major findings  from  evaluation of t h e   m s u l t s  l i s t e d  in Table I1 
a re  as follows : 

1. High ly   va r i ab le   t e s t   r e su l t s  were obta ined   for   " ident ica l"  Ba-CuC, 
systems. 

2. Excessive  heat loss t o  both  excess  barium and the   can i s t e r   wa l l  
resu l ted  in quenching  of t h i s   r e a c t i o n .  (Use of an insu la ted  
c a n i s t e r  l iner d id   no t   so lve   t h i s  problem;  hence, the  excess  
barium is regarded  as   the  pr incipal   heat  sink, e.g.,  see  figure 
1 2  large  white   chips  are barium. ) 

3. Blow-out plug f a i l u r e  was by temperature  and  pressure  effects.  

L.  Chemical ana lys i s  of t he   can i s t e r   i n t e rna l   r e s idue   i nd ica t ed   t ha t  
the  chemical  reaction  varies  from 16 t o  6@ completion. 

5. Solut ion of  barium in copper lowers vapor  pressure  preventing Ra 
vaporizat ion.   This  was found by chemical  and  microscopic  analysis 
of f l ow  r e s idue   ex te rna l   t o   t he   can i s t e r   ( e  .g. , see  f igure 13). 

6. Bariwn/CODper alloy  condensation on ex i t   nozz le  was observed. 

7. Erosion of t he   ex i t   nozz le  of t he  f u l l   s c a l e  (3 kg.) can i s t e r s  was 
s ign i f i can t  compared t o   t h e  small sca l e   can i s t e r s   ( s ee   f i gu re  14).  

8. The apparently anomalous i n t ens i ty   da t a   ob ta ined   fo r  t h e  la rge  
c a n i s t e r   t e s t s  and the  small p a r t i c l e   s i z e  B e  t e s t s  were considered 
t o  be due t o   t h e   d i f f e r e n t  pressures and plume geomtries   observed.  

Based upon t h e   v a r i a b i l i t y  of results of these  experiments  using Ba- 
CuG systems,  there  appeared t o  be no r e l i a b l e  w a y  of  obtaining  uniform 
results with  the Ba-CuO systems  tes ted;   a l though  possible   improvemnts   to  
system  performance'  were  indicated, e .g. : 

o Use of e i t h e r  a metal f o i l  pa r t i t i on   o r   phys i ca l   s epa ra t ion  of 
the  excess  barium  from  the  thermite mix. 
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o Use of a low-strength  blowout  diaphragm ( t h i s   s i n g l e  parameter 
apparently produced the  highest   observed  yield in Yhase I based 
upon i n t e g r a t e d   g r e e n   l i g h t   i n t e n s i t i e s ) .  

o Use of both  smaller  sized  barium  and  oxidizer grains t o   i n s u r e  a 
uniform mix which  would not  separate on loading. 

Implementation o f  these  changes would presumably  solve a t  least t o  
a degree  the problems  of t e s t   v a r i a b i l i t y .  However, in no  case  did  chemical 
a n a l y s i s  of canister internal residue  indicate   that   such  changes would 
achieve a completion  of  the  desired  chemical  reactions. Moreover, reference 
t o   f i g u r e  9 and  Table I1 shows t h a t  from t h e   i n t e g r a t e d   l i g h t   v a l u e   c r i t e r i o n  
some of t h e  best performance was achieved  for  systems  exhibit ing  the  lower 
range  of  chemical  reaction  completion  (i.e ., 16%) and  which did.not  even 
fu l ly   evacua te   ( i . e . ,   pa r t i a l ly   ml t ed   excess  barium was found i n t e r n a l  
t o   t he   can i s t e r ) .   Fac to r s   such  as these  would ind ica te   tha t  from an abso- 
lute  standpoint  only  extremely low barium  vapor  yields were r ea l i zed  
in Phase I tests (estimated t o  be well below I$ of t h e   t o t a l  barium  weight). 
I f  t h i s  i n t e r p r e t a t i o n  were correct   then  there   are   apparent ly   inherent  
d i f f i c u l t i e s   w i t h   t h e  Ba-CuO system which cannot be resolved  merely by 
physical  changes. 

Molybdic Oxide Thermite  Systems  (Phase 11) 

Having def ined  the major problems of the  Ba-CuO/canister  system, con- 
sideration  of  al ternate  chemical  formulations was undertaken. A primary 
object ive w a s  t o   o b t a i n  a thermite  reaction  not  producing an intermediate 
l i q u i d  phase  metal  which would p o t e n t i a l l y   e x t r a c t   l i q u i d  barium from 
the  system by solut ion.  The f a i l u r e   t o  prevent  the  observed Ba-CuC, al- 
loying was considered a primary  problem  of ear l ie r   sys tems.  

A d d i t i o n a l   f a c t o r s   t o  be considered were the   ex is tence  of explosive 
or other  hazardous  handling  characterist ics,   the  production of a luminous 
phase  which would in te r fe re   wi th   the   des i red  BaO and Bat spectroscopic 
measurements,  and being e s s e n t i a l l y  a low  pressure  reaction which m u l d  
provide a plume geometry  comparable t o   t h e  Ba-CuO system  (proved t o  be 
e s s e n t i a l l y  a low pressure   reac t ion)  93 as t o  permit  direct  comparison. 

From evaluat ion  of   systems  l is ted in Table I, two were chosen f o r  
a n a l y s i s  in Phase I1 tests. It was f i r s t   necessa ry   t o   ve r i fy   expe r imen ta l ly  
tha t   t he   an t i c ipa t ed   r eac t ions  would occur  and  that  no unanticipated  hazards 
ex is ted   wi th   these  new systems. Such tes t s  were completed  (Appendix A) and 
indica ted   tha t   a l though one of  the  systems (Ba-MoO ) showed an enhanced 
pyrophoric  reaction  probabili ty  (and  hence  require4 remote handling)  the 
t es t s  could be completed. N o t  all problems  recognized i n  Phase I were 
s tudied  here  however. A n  example was the  observed  condensation of (pre- 
sumably  vapor  phase)  barium  produced by expansion  and  cooling  associated 
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w i t h   t h e  canister nozzle. However, Phase I showed t h a t   s i n c e   t h i s   t y p e  
r e a c t i o n  is low pressure and progresses  according to   the   h igh   tempera ture  
involved,  such a nozzle  and  blow-out  diaphragm  are  unnecessary. Hence, 
although beyond the  scope of this study,  nozzle  and  closure  optimization 
could  have  been  considered.  Teats of an unsealed  canister  system were 
i n d i c a t e d   t o  be t h e  most reasonable  approach. 

Use of a remote  handling  system  (figure 7) necess i ta ted  moving the  
canister  assembly s o w  25.4 cms f u r t h e r  from the  Jurel-Ash  spectroscope 
viewing  port   than was t h e  case f o r  Phase I tests.  As a resu l t   the   occul ta -  
t i o n  of t he   ro t a t ing   Luc i t e  window i n   f r o n t  of the  viewing  port was almost 
neg l ig ib l e  for the  barium  cupric  oxide  systems,  although in Phase I with 
only  about 9% more materiel in an   i den t i ca l   can i s t e r   t he   occu l t a t ion  was 
heavy.  Deposit ion  of  material   inside  of  the vacuum chamber was e s s e n t i a l l y  
equivalent  for Phase I and  Phase 11. Spectral ,   temperature and pressure 
masuremnt   t echniques  and equipmnt  were i d e n t i c a l   t o   t h o s e  used f o r  
Phase I tests.  Table I11 provides a summary of the  parameters and r e s u l t s  
of t h e  series of 1 5  t e s t s .  Systems A and B were i g n i t e d   r e a d i l y  Fn these  
tes ts  and the re  was one inc ident  of pre-ignition on System A ,  t e s t  f/5. 
Test A-6 was t o   r e p l a c e   t h a t  t es t  where  no da ta  was obtained. The pre- 
igni t ion  occurred when the  barium  cupric  oxide  cyljnders opened prematurely 
i n  the  mixer  (see figure 15 )  due t o   t h e i r   i n t e r n a l  pressure (1 atmosphere), 
while  the t es t  chamber was under vacuum.*  To prevent t h i s  occurrence on 
subsequent  tests,  the  pre-argon  purge vacuum Pumpdcmn was l i m i t e d   t o  no 
less than 30 t o r r .  There were no more pre-ignitions  although  premature 
openings  of  the  barium  and  oxidizer  cylinder  within  the mixer were  observed 
again.  

The first t es t  of System C (C-1) produced  barely  measureable  blue and 
g r e e n   l i g h t  and pressure. After implementation of the   t es t   abor t   p rocedure ,  
it was determined  by  examination of t h e  f lam front  conductor  that   the 
i g n i t e r  had indeed f i r e d  and t h e   r e a c t i o n   i n i t i a t e d ,  however, it was quenched 
immediately.  Subsequent  System C tes ts  were p e r f o m d   u s i n g  two i g n i t e r s  
and a chamber pressure  from 6 t o r r   t o  25.4 t o r r  of  argon. The range of 
chamber pressures  was employed  due to   t he   ex t r emly   l ong   de l ay   no ted  be- 
tmten igniter firing and  peak reaction  exotherms. It was  f e l t   t h a t   t h e  
lower chamber pressures might result in the   r eac t ion   aga in  quenching. 
Despite  the  bimodal nature of t h e  System C l ight   curves  (see f igure  lb), 
inspec t ion  of t h e   i n t e r i o r  of t h e  canisters showed normal  evacuation. It 
should be noted that the measuremnt of the  weight of t h e   i n t e r i o r   r e s i d u e  
for t h e  C System was discontinued due t o   t h e  extrem di f f icu l ty   encountered  
i n  removing t h i s  material. 

*Note:  Appendix A - This   spontaneous  igni t ion  effect  
was noted  for  a l l  cases of t h e  System A and B 
smal l  sca le  tests conducted  independently by NR. 
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Figures 17, 18, and 19 dep ic t   t he   i n t e r io r  and e x t e r i o r  views of 
typical   systems A, B and C can i s t e r s ,   r e spec t ive ly ,   a f t e r  f ir ing.  Study 
of t hese  figures reveal.8 that thermal  quenching was minimized  and c a n i s t e r s  
were  normally  evacuated  (with  the  exception  noted).  Further  comparison 
of t h e   e x t e r i o r   c a n i s t e r   l i d s  for systems A and B shuw tha t   t he  Ba-CuO 
alloying/condensation  problem was indeed  minimized by use of the  WOO 
oxidizer .  On the   other  hand the   c l inkery   mater ia l   observed   to  be p 2 ug- 
ging the   nozzle  on  System B ( in te r ior   v iew)  i s  t y p i c a l  and c o n s t i t u t e s  
a potent ia l   hazard.  Note t h a t  in all three cases  the  thermocouple may 
be observed t o  have survived  the test i n t a c t   t e s t i f y i n g   t o   t h e   r e a l i t y  of 
the  temperature  data.  
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CONCLUDING RJWARKS 

The de te rmina t ions   o f   t h i s   s tudy   l i e  in two p r inc ipa l   ca t egor i e s ,  
t h e  f irst  concerned  with  Ba-CuO/canister systems, and the  second  with 
a l t e rna te   so l id   chemica l   r e l ease  systems. 

A better understanding  of   the  funct ioning  of   sol id  Ba release canis- 
te r   has   been   ob ta ined .  The "standard  formulation"  Ba-CuO/canister system' 
of German design  appears  not t o  be a high  pressure  system. Even in a sea led  
c a n i s t e r   t h e   p r e s s u r e   r i s e  i s  only a f e w  atmospheres.  High  pressure (100 
atmosphere)  systems  do  result  when fine (0.1 t o  0.3 mm) s i z e  Ba is  used 
( f igu re  20). However it is not   c lear   f rom  spectrometr ic  or chemical  analy- 
ses t h a t   t h i s   h i g h   p r e s s u r e   a i d s   e i t h e r   t h e   c o m p l e t i o n  of the  chemical 
reac t ion   or   the   p roduct ion  of Ba vapor,  although it produces a f a s t e r  
r e a c t i o n  and a high  temperature.  One e f f e c t  of the   h igher   p ressure  ap- 
pears t o  be t h e   f a s t e r   d i s p e r s a l  of t h e   r e a c t a n t s  and  excess Ba. 

By making  improvements in the  "standard"  Ba-CuO/canister  system  sug- 
gested by the   f i nd ings  of Phase I, t h e   e r r a t i c   b e h a v i o r  was minimized in 
t h e  Phase I1 tests of that   system, in t h a t   r e p e a t a b l e  Ba-r t o  Ba" i n t e g r a t e d  
i n t e n s i t y   r a t i o s  were obtained. However, t h e r e   a p p e a r   t o  be inhe ren t   d i f -  
f icul t ies   with  even  the  "opt imized"  Ba-CuO/canis ter   system. Ba-CuO a l l o y  
i s  s t i l l  deposi ted in s u b s t a n t i a l   q u a n t i t i e s   o u t s i d e  of t he   can i s t e r   nozz le  
(d rop le t s  of a l l o y  as l a rge  as a few mm. have  been  noted).  Rapid  heat loss 
by r a d i a t i v e   t r a n s f e r  in space   coupled   wi th   the   increased   d i f f icu l ty   o f  
evapora t ing   the  Ba in solu t ion ,   impl ies  a loss of Ba vapor  even  assuming 
superheated  droplets .  In any  case,   there i s  i n d i r e c t   e v i d e n c e   t o  show 
tha t   even   for   the   "opt imized"  Ba-CuO system, in which the   chemica l   reac t ion  
appears   complete ,   the   eff ic iency of r e l ease  of B a  vapor  remains  poor. 

With  regard t o   t h e   a l t e r n a t e   s o l i d   c h e m i c a l  Ba release  systems,  it 
has  been  demonstrated  that  it i s  f e a s i b l e   t o   o b t a i n   s i g n i f i c a n t l y   h i g h e r  
Ba vapor   y i e lds   i n  a vacuum re lease   than   wi th   the   "opt imized"  Ba-CuO sys- 
tem.   Theore t ica l   s tud ies   ind ica ted   tha t   the  Ba4IoO (System B) should  have 
t h e  same maximum Ba vapor   y ie ld  as t h e  Ba-CuG syst2m  (System A )  b u t   t h a t  Ba 
al loying  should  not  be a problem  with  Ba4lo03. In   the   exper imenta l  tests 
t h i s   a p p e a r e d   t o  be at l e a s t   p a r t i a l l y   t r u e   s i n c e   t h e   i n t e g r a t e d  Ba l i g h t  
i n t e n s i t i e s   f o r  System B were  about  twice  as  large as f o r  comparable Ba- 
CuO (System A ) .  The o the r   i nhe ren t   i ne f f i c i enc ie s  of Ba thermi te /canis te r  
systems  noted  were,  however, s t i l l  present .  

The Ba/.41-I.IoG3 (System C )  was formulated as one which t h e o r e t i c a l l y  
has a miximum Ba vapor   y ie ld  of 1.67 t imes   t ha t  of Ba-CuO. In   t he   expe r i -  
m e n t a l   t e s t s   t h e   t h e r m i t e  id-16100~ mixture was separated  physical ly   f rom 
t h e  Ba granules (1-3 mm s i z e )   t o  minimize any r eac t ions  of Ba w i t h   t h e  
thermite  o r  i ts reaction  products.  This  arrangement  produced 
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i n t e g r a t e d  Ba li h t   i n t e n s i t i e s  of about 10 tims t h a t  of  the  comparable 
- Ba-CuO (System A? t e s t s .  The segregation  of  the Ba  metal  from  the  heat 

producing  thermite mixture i s  b e l i e v e d   t o  be an important  factor in the 
observed  improvemnt. It should be noted  that   Ba-liquid mbtal al loying 
should   a l so  be absent.   Larger  size Ba p a r t i c l e s  were  used i n  System C 
t h a n  i n  Systems A and B ( 1   t o  3 m as compared t o  0.2 t o  0.5 m f o r  Sys- 
tems A a d  B). The use of a f iner   s ized   thermi te  mix and'  smaller Ba 
p a r t i c l e s  might  improve the  performance of  System C. 

Concerning  the  re la t ive  hazards   of   the   system  s tudied  in  Phase 11, 
it should be noted  that   the  System C thermite mixture (A1400 ) was  v i r -  
t u a l l y  inert and i m p l i c i t l y  much sa fe r   t o   hand le   t han  Ba containing  ther-  
mite  mixtures  such as Systems A and B, which  have  an errat ic   but   extremely 
low,  impact i gn i t i on   t h re sho ld  (Appendix A ) .  Other  undesirable  aspects 
found f o r  a l l  Ba thermite  mixtures  evaluated  -re  hazards of moistkre 
s e n s i t i v i t y   ( i g n i t i o n )  and spontaneous  ignit ion a t  a vacuum threshold of 
from 1 t o  30 to r r ,   p re s su re  of e i t h e r  a i r  or argon when being pumped  down 
(Appendix A ) .  This   la t ter   effect   has   not   been  previously  reported i n  the 
l i t e r a t u r e   t o  our  knowledge,  but  has  been  repeated i n  our  laboratory on 
numerous occasions.  This  spontaneous vacuum i g n i t i o n   e f f e c t  is e x t r e m l y  
c r i t i c a l   i f   u n s e a l e d   c a n i s t e r s   a r e   e v e r   c o n s i d e r e d  for f l i g h t  or t e s t i n g .  
One explanation might be that the Ba-oxide r eac t ion  i s  continuously pro- 
ceeding a t  a very iow r a t e  at room temperature and the   be t te r   thermal  
insulat ion  provided by a vacuum over a porous  mixture  allows  isolated por- 
t ions  to   reach  igni t ion  temperature   whereas   with  gas   present   (1   a tmosphere)  
t o  conduct  heat away, the  hot  spots do  not  develop. 

Techniques and apparatus  for  evaluating  the  relative  performance of 
Ba release  systems i n  a vacuum chamber  have been  developed in which the 
hazards of h a n d l h g  Ba and o ther   reac t ive  metals and their   mixtures   with 
oxides  have  been  minimized. 

The r e s u l t s  of Phase I and  Phase I1 cannot be d i r e c t l y  compared be- 
cause of t he   d i f f e rences  in the   can is te r   re lease   sys tems which  produce 
p l u m s  of d i f f e r e n t  geonretry  and optical   viewing. In Phase I, the Ba-CuO 
mixtures were  compressed i n   t h e   c a n i s t e r   w i t h   v e r y   l i t t l e   u l l a g e  and they 
were f i r e d   w i t h  100 atmosphere  blowout  plugs  sealing  the  nozzles.  In 
Phase 11, the  mixtures were of powders of similar s i z e ,  well mked and 
only compacted by gent le   shaking   (essent ia l ly  loose powder)  and  were f i r e d  
f rom  canis te rs   wi th  a nozzle open t o   t h e  vacuum  chamber.  They a l s o  con- 
tained  about  one-half as much mixture as t h e  Phase I c a n i s t e r s .  

I n  summary, evidence  has  been  obtained  which  indicates  that  the Ba- 
CuO/canister  system is  i n h e r e n t l y   i n e f f i c i e n t   f o r   r e l e a s i n g  Ba vapor. The 
evidence  developed on  two a l te rna te   so l id   sys tems shows t h a t  improvements 
of  from 2 t o  10 times more Ba vapor  can be released by these  systems  than 
by the  Ba-CuO s stem. It should be emphasized tha t   t hese  two  systems, 
BA-Mo03 and  BaLl-Mo03  have  not been o p t h i z e d   f o r   r e l e a s e   e f f i c i e n c y  and 
may very well be capable of g r e a t e r  improvembnt. 
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APPENDIX A 

Hazard  Evaluation  Tests on B a r i u m ,  Aluminum, 
and  Molybdic  Oxide  Mixtures 

Mixtures Tested 

The following mixtures were sub jec t ed   t o  impact s e n s i t i v i t y , *  and 
pyrophor ic   reac t ion   probabi l i ty   t es t s   accord ing   to   the   Deta i led   Tes t  and 
Operational  procedures for NAS1-7000 Phase 11. 

A )  B a r i u m  (84.5%) and  Molybdic  Oxide  (15.5%) 
B) A l u m i n u m  ( 2 7 . s )  and  Molybdic  Oxide  (72.5%) 
C) B a r i u m  (68.3%), Aluminum (8.6%), and  Molybdic Oxide (23.1%) 

Mixtures of p a r t i c l e s  of s i zes   i n   t he   r ange  of 0.1 t o  0.3 m were 
t e s t e d .  

Impact S e n s i t   i v i t x  

Sample Pre parat ion 

Samples for impact s e n s i t i v i t y   t e s t  were prepared as follows: 

Sample BARIUM 
z No. Pa r t i c l e   S i ze  % Par t ic le   S ize  

ALUMINUM 

- 
kl 84.5 

*‘2 84.5 1.0 - 3.0 mm 15.5 

0.1 - 0.3 mm 15.5 - 
- 

72.9 27.1 

132 - 72.9 27.1 

c1 68.3 

c2 68.3 

0.1 - 0.3 23.1 8.6 

1.0 - 3.0 23.1  8.6 

++(MoG3 p a r t i c l e   s i z e s  less than 0.1 mm in a U  cases) 

These  samples were prepared i n  an argon-fil led d r y  box. 

0.2 - 0.5 mm 

0-.1 - 0.3 

0.2 - 0.5 m 

0.2 - 0.5 
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Samples were prepared by weighing  out  individual  ingredients on beam 
balance  (Accuracy 2 0.05 gm) in dry box,  dumping ing red ien t s   i n to  118 cc 
screw-top  glass   sample  bot t les ,   c losing  top  and  shaking  bot t le  until sam- 
ple  appeared  thoroughly mixsd by visual   observat ions.  

Samples containing coarse (1.0-3.0 mm) barium  or  coarse aluminum segre- 
ga ted   ex tens ive ly  af ter  mixing, making se l ec t ion  of representative  samples 
r a t h e r   d i f f i c u l t .  The samples  containing  barium,  prepared as previously 
noted, were f u r t h e r  sampled f o r   s e n s i t i v i t y   a n a l y s e s  by ex t r ac t ing  small 
(0.1-0.2 gm) representative  samples  from  the master blend  and  placing  these 
smaller samples in approximately 10 c c   p l a s t i c   v i a l s .  Each of t h e   p l a s t i c  
v i a l s  w a s  s ea l ed   i n s ide   t he   d ry  box so t h a t   t h e  atmosphere  around t h e  Sam- 
ple would be only  argon.  Five  each  such  sample  vials were prepared  from 
master batches,  Al, A2' cl, and C2. The f i v e   v i a l s  from  each  batch were 
fu r the r   s ea l ed  by placlng them in a 118 cc  screw-top  glass  bott le  also 
sea led  in the   d ry  box  under  argon t o  provide  protection from the 
atmosphere.   Individual  vials  could  thus be used f o r  impact t e s t s  w i t h c u t  
exposing  the  rest   of  the  composition t o   t h e  atmosphere.  San;ples B1 and 
B2, containing no  barium, were not  sealed in small v i a l s  since the  k l -  
Mob mixture should  not be par t icular ly   moisture   or  ci2 s ens i t i ve .  3 

The and A l  materials m r e   d r i e d  a t  94" C for  about 20  hours be- 
fore   p lac ing  them in the   d ry  box for  preparing  samples. ~ 1 1  ingredients  
and  samples were weighed  and mixed the   d ry  box including B1 and E 2 ,  

Impact Sens i t i v i ty   Tes t s  and Resul ts  

Tes ts  in A i r .  I n i t i a l  tes ts  were performed in the  atmosphere. Samples 
were ex t r ac t ed  from sample vials ,   p laced on an   anvi l ,  and  impacted as  
quickly as p o s s i b l e   t o  minimize a i r  contact and  barium  oxidation. All 
samples  containing  barium (A1, A C and C ) gave sparks when impacted 
with a 2.27 kg b a l l  from  heights2Ls ~ L w  as 16 cm (minimum p r a c t i c a l   t e s t  
height   with a 2.27  kg b a l l ) .  Samples B and B2 gave  no reac t ion   a t   127  cm 
(maximum he igh t   capab i l i t y )   w i th   t he  2.37 kg b a l l .  It was t e n t a t i v e l y  con- 
cluded  that   sparks  noted  with  samples A 1 ,  A2, c1 and c were  merely a re-  
sult of  rapid a i r  oxidat ion of  barium  from freshly  exposed  surface  created 
by impact  energy.  Samples of pure  (Ventron  material)  barium of both  large 
and small particle s i z e  gave results comparable t o  those  noted  with Samples 
A1 and A2. Samples C and c gave not iceably   b r ighter   f lashes   than  A1 and 
k2, presumably  because  of  ignition  of aluminum particles.   Bright  streamer- 
t ype   f l a shes  were emitted  from  impact area indica t ive  of burning  par t ic lepaths  

2 

1 2 

Impact Tests Under  Argon. I n   o r d e r   t o  eliminate the  barium-air   reaction 
from  ocurring  and  thus  minimizing  the MOO -Ba r eac t ion ,   t he  impact  appara- 
t u s  was enclosed in a p l a s t i c   t e n t   w i t h  g 3. ove bag  attached. The atmosphere 
i n   t h e   e n c l o s u r e  was purged  with  argon until the  J402 meter  indicated less 
than  1% 0 i n  the  atmosphere. Test samples were impacted i n  t h i s  atmosphere 
wi th   t he  ?allowing results. 
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Impact Tests Under  Argon 

Impact N u m b e r  
Sample Height , of Tes t s  

N o ,  Centimeters  Performed 

A 1 

" 2  

B1 

I32 

c1 

c2 

127.0 
45.7 
35.6 
17.8 
15.2 
12.7 
10.2 

7.6 
7.6 

22.9 
17.8 
10.2 
7.6 

1 
1 
1 
1 
1 
3 
1 
9 
10 

N u m b e r  (1) 
of Posi t ive  
Results 

1 
1 
1 
1 The apparent ano- 
1 maly here may have 
1- - - - - - - been a r e s u l t  of 
1 
6 
5 

non-re pre s e n t   a t   i v e  
s ampling. 

0 
0 
0 
0 

127.0 5 0 

127.0 
122.0 
117.8 
101 .k 

12.7 
10.2 

7.6 

127.0 
91.5 
61.0 
30.5 
15.2 
10.2 

7.6 

7 
3 
5 
5 

2 
2 
10 

Comments ( 2 )  

2 
2 
4 1 

Using 771 gm b a l l  

(1) A pos i t i ve   r e su l t  i s  ixd ica ted  by a v i s i b l e  f lash or  spark at  h p a c t .  
No explosions or detonat ions  with  audible  results occurred as would 
occur  with primary explosives.  

noted. 
( 2 )  All tests were conducted  with a 2.27 kg impact ba l l  u n l e s s  o t h e r w i v  

2 2  



It i s  apparent  from  the results t h a t   t h e   f i n e  barium r e a c t s   q u i t e  
r ead i ly   w i th   t he  MOO and is e a s i l y   i n i t i a t e d .  Samples A and C1 are  so 
s e n s i t i v e   t h a t   t h e  rdnhum impact  ensrgy  required t o   i n i t a a t e  them  could 
not be adequately  determined on our  apparatus. The minimum height attain- 
able   with  the  apparatus  is 7.6 cm because  of  the  physical  design of 
the  safety  enclosure  surrounding  the  impact  area.   Smaller  weights  than 
771 grams could   po ten t ia l ly  be u t i l i z e d  but the  electromagnet  used t o  hold 
the  weight in p l a c e   p r i o r   t o   d r o p  has sufficiently  magnetized  the  surrounding 
metal so tha t   even   the  771 gram b a l l  cannot r e l i a b l y  be released by tu rn ing  
off  the  electro-magnet.  Therefore it i s  impract ical   i f   not   impossible  t o  
ut i l ize   smaller   weights   with  this   apparatus .   Typical ly ,   mater ia ls   that  
a r e   r a t ed  as extremely  impact  sensitive have  impact s e n s i t i v i t y   v a l u e s  of 
5 t o  8 cms, with a 2 kg weight. The reported  values of some sens i t i ve  
explosive  mater ia ls  are noted below. 

Reported  Impact  Sensit ivit ies 

Material  

Picat  hny (1) Bureau of (1) J e t  Propulsion (2 )  
Arsenal Mines Laboratory 
Apparatus Apparatus Apparatus 

Lead  Azide 7.6 cm 9.9 cm - 
Load Styphnate 7.6 cm 17.0 cm - 
Nitroglycer in  - 15.0 cm - 
I.4ercury Fulminate 5 .1  cm 5.1 cm - 
Compos it i on B 35.6 cm 75.0 cm 20.3 cm 

(1) Using 2.00 kg b a l l  

( 2 )  Using 2.27 kg b a l l  - the  Rocketdyne  device was a JPL apparatus 

Different   values   are   rout inely  obtained on d i f fe ren t   appara tus ,  w i t h  
t h e  JPL device  almost  always  indicating a lower impact  height for  init ia- 
t i o n   t h u s   i m p l y i n g   g r e a t e r   s e n s i t i v i t y .  The reason  for   obtaining loner 
values  on the  JPL device  can  probably be a t t r i bu ted   t o   t he   sma l l e r   su r f ace  
a r e a   a v a i l a b l e   f o r  im a c t .  A standard  No. 6 Allen  socket-head  cap  screw 
(sur face   a rea  0.13 cm 5 ) i s  used as t h e   p i s t o n   t i p   w i t h   t h e  JPL apparatus. 
These t i p s  gave the  most reproducible results i n  t e s t s   p e r f o r m d  by JPL 
on standard TNT samples. 

The s igni f icance   o f   th i s   apparent ly   ex t reme  sens i t iv i ty  is  d i f f i c u l t  
to   evaluate .   Obviously any samples  containing  barium  and  molybdic  oxide 
must be protected  from  impact.  This may a l s o  m a n   t h a t  it is unsafe t o  



m i x  and press mixtures of Ba and MOO 3' 
Abrasion  Sensi t ivi ty  Testinq. P r io r   ab ras ion   s ens i t i v i ty  tests u t i l i z e d  
t h e  Esso, I n c .   f r i c t i o n  tes ter  on borium-cupric  oxide  mixtures.  This was 
t h e  f irst  use  of t h i s   t e s t e r  a t  the  Santa  Susanna  Field  Laboratories.  
There was no  react ion of t h e  mixture although  enough  torque was applied 
dur ing   the  t e s t  t o  comple te ly   f la t ten   the  sample  between t h e   s t a i n l e s s  
s tee l  faces  of the  apparatus .  No grit was used  with  these  samples  during 
these  tests.  Fur the r   ca l ib ra t ion  tests u s i n g   t h i s  tes ter  and a known 
s e n s i t i v e  primary explosive (PETN) and pyrotechnic  squib m i x  produced no 
pos i t ive   reac t ions .  Even when grit was added t o   t h e   s e n s i t i v e   m a t e r i a l ,  
no i n i t i a t i o n   o c c u r r e d   w i t h   t h i s  tes ter .  Hence no re l iab le   abras ion   sens i -  
t i v i t y  t e s t  da t a  axe ava i l ab le   a t   t he   p re sen t .  

Anomalous Vacuum Sens i t i v i ty .  When mixtures of  powders of Ba and mtal  
oxides (Ba thermi tes )  are placed in a vacuum chamber and pumped dawn, a 
pressure is reached at which t h e  mixture spontaneously  ignites.  The pres- 
sure range was found t o  be from 1 t o  30 torr ,   varying  with  mixture  and 
pa r t i c l e   s i ze s ,   bu t   r epea tab le   fo r  a given system. 

Pyrophoric  Reaction  Probability Tests 

Both f i n e  material (0.1 t o  0.3 mm) and coarse material 
0.2 t o  0.5 mm) was t e s t e d   f o r  a worst   case  analysis.  Samples were pre- 

pared  under  argon.  Five 1 gram samples  of  each of the  fol lowing mixtures 
were prepared and t e s t ed .  

Mixture Be. W t .  % MOO W t .  % -3- Al. kit. % 

A3 ( f i n e )  A (coarse)  84.5 15.5 - 
B3 ( f i n e )  B (coarse)  - 72.9 27.1 

c3 ( f i n e )  C4 (coarse)  68.3 23.1 8.6 

Pyrophoric  Reaction  Probability Tests and Results. The f i v e  samples of 
each  mixture were sequen t i a l ly   sub jec t ed   t o   t he   fo l lowing  tes ts  within a 
fume hood: 

4 

4 

(1) The samples were heated in a i r  i n  an uncovered Vycor c ruc ib le  
over a Meker burner until react ion  occurred or u n t i l   t h e  maximum 
temperature   a t ta inable  was reached. In   t hose   i n s t ances  where 
igni t ion  did  not   occur  (B ) d i rec t   i gn i t i on   w i th  an oq-acetylene 
to rch  and la ter  a magnesi&n ribbon was also  a t tempted.  

( 2 )   I d e n t i c a l   t o   ( 1 )  above wi th   the   except ion   tha t   the   c ruc ib le  was 
flooded  with  argon  while  heating. 



I d e n t i c a l   t o  (1) wi th   the   except ion   tha t   the   c ruc ib le  was floodoci 
water sa tu ra t ed  a i r  i n i t i a l l y  a t  r o m  tenperatwe  while  heatin,:. 

ti 1-gran s z l p l e  was exposed t o   d r y  a i r  in a desicator  charged 
w i t h   s i l i c a  gel.  ltate and nature  of rcac$ion was observed. 

A . l - . p x  sanple was exposed t o  moist a i r  in a des icz tor  whose 
base is : ' i l l cd   wi th   d i s t i l l ed  water. Rate a d  nat  t x c :  of rcac t ion  
was observed. A t  t he  end of t he  week d rop le t s  of water ';Icrc a;~- 
pl ied   d i rec t l j r   to   unreac ted   &we and the  r c s u l t s  observed. 

Sauples were heated t o   i g n i t i o n  i n  a i r  and under  argon t o   d c t e r -  
n ine   ign i t ion   t e rnpera ture ,   reac t ion   ra te   (dwat ion)  -and peak  
react ion  tenperatwe  (unconfined) .  

'I'k~c r e s . d t s  of these   t es t s   a re   sunnar ized  below: 
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ame as 1 ex- 

peated w i t h  g l a s s  
torch  with same re- 

Thermite  reaction iSame as fF1. 
when s l ight   heat  ap/Approx. 5 secs 
p l ied .   Sr ight   f lash  b o  ign i t ion .  
approx. 5 secs t o  I 
ign i t ion .  I 

Same as 1. A p  
proximately 10 
s e c s .   t o  
ign i t ion .  

Thermite react ion \Same as Test fir1 Same as Test f1 
when s l igh t   hea t  
applies.  Bright 
f l a s h  approx. 10 
secs   t o   i gn i t i on .  

I 

L 

- I  

Test4- 
No reac- 
t ion. 

No reac- 
t i on .  

No reac- 
t ion. 

No reac- 
t i on .  

jame as 
Test rtl 

- - " - - . - . - - - 
- T e s t " _  
No react ion 
with  moist 
a i r  or l i qu id  
water. 

No react ion 
with  moist 
a i r  or l i q u i d  
water . 

No re   act   ion.  

No react ion 
with  moist air 
I n i t i a l   f l a s h  
delayed(1  sec)  
with  l iquid 
water. 
No react ion 
with  moist -ail 
Flashed imme- 
d i a t e l y  w i t h  
l iquid  water .  

"" 
Test 6 

Zeaction Rate-'; E secs. 
Ign i t i on  Temp( C ") : 140 
Peak Temp(C"): 942 

Reaction  Rate4 25 secs 
Igni t ion Temp(Co) : 233 
Feak Temp(Co): 1176 
Seaction Rate? No v i s i  
ble  reaction - slight 
exotherm, 5 secs.  
Igni t ion Temp( C ") :None 
Peak Temp(C ") : 733 

Reaction Rate% No reac, 
t i on .  
Igni t ion Temp(Co) :None 
Peak Temp(Co) : 895 
Reaction Rate? 4 secs. 
Igni t ion Temp( Co) : 122 
Peak Temp(Co): wc4 

Reaction Hate3 1 5  se& 
minor a c t i v i t y  . 

28 secs 
ma j or a c t i v i t y  . 
Ign i t ion  Temp(Co): 233 
Peak Temp(Co) : 1428 



p' 

Evaluation of Potential Gas Forminp; Hazards  Arising  from  Sublimation of 
Molybdic  Oxide. P l o t t i n g  molybdic  oxide  vapor  pressure as a funct ion of 
r eac t ion   t empera tu re   i nd ica t e s   t ha t  for the   an t ic ipa ted   thermi te   t empera twe 
(i.e.,  loo0 t o  2000O Centigrade)  no  pressure  hazard  should  exist .  

Comparison  of the   impact   sens i t iv i ty   resu l t s   ob ta ined   wi th  a 3 l  mixtures 
containing  barium and  molybdic  oxide i n d i c a t e   t h a t   t h e r e  i s  a pyrophoric 
hazard  associated  with  this   mixture  which is grea te r   t han   t ha t   de r ived  from 
the  barium-cupric  oxide mixture, however, i n  no  case  did  the  mixtures  tested 
ind ica t e  an explosive  hazard problem. Based  upon these  f indings,  it is 
recommended t h a t  at leas t   the   packing  of such mixtures  be conducte'd as a 
remote  operation.  Further, to   p ro tec t   opera t ing   personnel ,   addi t iona l  
protect ive measures should be adopted  for   t ransport  and  handling of 
can i s t e r s   l oaded   w i th   t h i s  problem. 

Problems  encountered in ign i t ing   t he  aluminum molybdic  oxide  mixture 
may be solved by r educ ing   bo th   pa r t i c l e   s i ze s   t o   t he  0.149 rmn (or f i n e r )  
s ize   range.  

A l t e r n a t i v e   s o l u t i o n s   t o   t h e   s e n s i t i v i t y  of the  barium-molybdic  oxide 
mixtures that should be considered  are  the  following: 

a. Inves t iga t ion  of possible   de-sensi t iz ing  binders   to  lower the  
s e n s i t i v i t y   t h r e s h o l d s  of the  barium-molybdic  oxide m i x t u r e s  t e s t e d .  

b. Consideration of alternative  mixtures  such as aluminum iron  oxide 
thermite sure of barium  tungsten  oxide  mixtures. 

S p e c i a l   I m t i o n   T e s t s  of Alternate  Size  Rarues for Aluminum-Molybdic Oxide 
Mixtures. The r e s u l t s  of t e s t s  conducted upon  0.149 mm aluminum and molyb- 
dic-oxide mixtures t o   i n v e s t i g a t e   t h e   f e a s i b i l i t y  of igniting smaller  sized 
mixtures  are summarized  below: 

Mixture/Test I g n i t i o n  Peak Reaction Re ac t   i on  
Description Temperatures . Temperatures Duration 

0.149 mm Al - 1 gram not 1011 C o  
packed - hot flame - 
open crucible  

1205 C o  45  seconds 

0.149 ILL - 2 No Re a c t   i o n  No Reaction No React  ion 
packed - law flame - 
covered  crucible 

0.149 IIRII Al - 2 605 Co 
open c ruc ib l e  - not 
packed - very  hot f l a m  

27 

678 C o  32 seconds 



APPENDIX B 

B a r i u m 4 u p r i c   h i d e  Impact S e n s i t i v i t y  Tests 

Immct   s ens i t i v i ty  was determined in two  ways. I n i t i a l l y ,  as a rough 
masure of s e n s i t i v i t y ,  a pinch  of  the  mixture was put on  a s t ee l   b lock  and  
sub jec t ed   t o   r epea ted  harmrrer blows with a s t e e l  hammer. There were no 
s p a r k s ,  no flame, no ind ica t ion  of any  kind  of  reaction. 

For a more sophis t ica ted  and quan t i t a t ive   masure  of t he  impact  sensi- 
t i v i t y  of the  barium  cupric  oxide (0.1 t o  0.3 mm p a r t i c l e  s i z e )  mixture, 
tests m r e  run on t h e  JF'L impact s e n s i t i v i t y   t e s t e r .  The r e s u l t s   w i t h  a 
2.27 kg ball, and  conducted under atmospheric  conditions, were as shown be- 
low: 

H t  , (Centimeters 1 Result  

127.0 
127.0 

91.4 
91.4 
61.0 
61.0 
61 .O 
50.8 
50.8 
40.6 
40.6 
40.6 
40.6 
30.5 
25.4 
25.4 
25.4 
20.3 
15.2 
15.2 
10.2 
10.2 
10.2 
10.2 

Sparks,   partial   burning 
Sparks, flash, apparently  complete  burning 
Sl ight   spark ing ,   par t ia l   burn ing  
Flash,  complete  burning 
0 
0 
Moderate spark ing ,   par t ia l   burn ing  
0 
Sparks,  complete  burning 
Moderate sparks,  incomplete  burning 
0 
Sparks,  flash,  complete  burning 
No sample,  blank tes t ,  no s p a r k i n g  
Good sparks 
0 
0 
Small spark  
Small spark 
0 
Small  spark 
0 
Very faint spark 
0 
0 
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The r e s u l t s   i n d i c a t e   t h a t   t h e  mixture is somwha t   e r r a t i c  in behavior 
toward  impact. However, t he re  was very l i t t l e   r e a c t i v i t y  below 30.5 cm. 
The sparks or f l a s h  were orange,  not like the  green  barium  flam  obtained 
with  barium/halocarbon  mixtures. Nor was there  the  loud  noise  associated 
with a I'go(' during the  barium/halocarbon  testing  for  impact  sensit ivity.  

29 



REFERENCES 

1. Proceedings,   Stanford  Research  Inst i tute   Internat ional  Symposium on 
Chemical  Reaction in t h e  Lower and Upper Atmosphere, April  1961, 
( In te rsc ience ,  New York) . 

3. Foppl, H., Haerendel, G., Haser, L., Loidl,  (I ., e t .  ale " A r t i f i c i a l  
Strontium and  Barium  Clouds in the  Upper Atmosphere", Planetary PI 
Space  Science, Vol. 15, pp. 357-372, 1967. 

4.  Herendel, G., and Lust,  H., " w t i f i c i a l  Plasma Clouds i n  Space", 
S c i e n t i f i c  American,  Vol.  219,  pp.  80-92,  1968. 

5 .  a s ,  A. M., arid Kessler, K. G., "Large  Aperture  Grating  Spectrograph 
Ut i l i z ing  Commerical Camera Components", Journa l  of t he  Gptical Society 
of Amrica,  Vol. 49, pp  1223, 1959. 

6.  Artz, G.  D., "Sens i t i v i ty  of Halocarbons  and  Reactive Metals", Rocket- 
dyne Research  Report, No. 69-2, North h r i c a n  Rockwell  Corporation, 
June 1969. 

30 



TABLE I. INTEGRATED  LIGHT  INTENSITY IN UNITS OF 
VOLT  SECONDS 

(Phase I) 

TEST # (#1   Through  #3   were   Sea led   Canis te r   Tes ts )  

LIGHT 

v. sqc V. SEoC 
5535A 4554A & 
Green '  B l u e t  vG 

# 4 Std. Fml. - No Blow-out  Plug 
# 6 ' I   ' I  - 100 4tm,  Blow-out  Plug 
# 7 ( 1  - 53 Atm, 1 1   1 '   1 '  

[ :",f: 0 . 5  
0. 15 

. 052 0. 175 

. 071 0.214 

. 053 0.289 
1 .017   0 .400  

#11  70%  Ba  30%  CuO  .050  ,041  0.858 
# I 2  I! I t  1 1  I1 . 042" . 034 . 033'' 1 .023   0 .584  
#13 I 1  I I  I 1   I 1  1.041  .035  0 .355 

#14  78.5% Ba 2 1 . 5 %   C u o  
#15 'I 

#16 
I I  I 1  I t  

I! I 1  1 ,  I . 0023 

. 0779 .0311  1 .06 1 . 0014  0.444 
. 0504'' . 0711  .0227* . 0356 0. 180 

#I9  Single   Stroke  Std.   Formulat ion  18,144 Kg compress ive   force  . 033 . 001  0.429 
#24 I1 

#21 

#17  Ful l   Scale   Canis ter ,   Std.   Formulat ion . 066  0.857 
#18  Ful l   Scale   Canis ter ,   Std.   Formulat ion  2 .75 
#22  Ful l   Scale   Canis ter ,   Std.   Formulat ion,   graphi te   throat   .0032  0 .737 
lf23 I t  . 252   1 .00  
#24 I t  ' I  

1 1  I! I 1  . 22 ,675  K g  ! I  . 020* . 013 , 013% [ . 0 2 4   1 . 5 0  I t  

1 1  II I t  I '  Graphi te   throat  I .  013 . 015 <O. 550 18,144 Kg I t  

I1  I1 I,  I, 

I, I t  1 I! , I  - ? - 1 . 2 3  

$25  Small   Scale   Canis ter ,   Small   Size  Ba,   Ziconium  Oxide  Liner ,   Graphi te  
#26 " 

#27 ' I  

, I  I 1  I I !  

1 1  

I, 

I1 I, I t  I t  I,  ,I I1 I t  I . 0019 

. 0004 . 0003  0.357 

1 ,  ! I  0oo9::: I - ? - no  data 
I '  Throat  :0005  .0003* .0002 1 . 0 0  

"Average 



TABLE HA. PHASE I TEST DATA 

T e s t  No. 7 6 4 

I C o n t r o l l e d   P a r a m e t e r s  

1 .   D i a p h r a g m  Burs t  P r e s s u r e  

2.. P a r t i c l e   S i z e  of Ba 

2 A T M  100 A T M  

75%  75% 3 .   F o r m u l a t i o n   P e r c e n t   C o m p o s i t i o n  

L a r g e   L a r g e  

( B a )  

4 .   Speed  of Window  Rotation 6 R P M  40 R P M  

5 .   G a p I C o m p r e s s i o n   ( 5  mm I F u l l  

6 .  In te r ior   21-02   Coated  

7 .   C a r b o n   T h r o a t s  No 1 :: N o .  of Squibs 11 No.  of I n c r e m e n t s   P r e s s e d  8 l a y e r s  8 l a y e r s  
- 

1 2  ( 2 .  e g m / c m 3 )   ( 2 .  8 g m / c m 3  

.~ 

110 .   Vendor   Source   fo r   Ba r ium  Jven t ron  I Ventron 

11.   Weight  of C h a r g e  288-24 
= 264 g .  

12 .   B lue   L ine   In t ens i ty   Peak ,  . 1 5  v. 0 . 1  v. 

In t eg ra t ed  . 027  v. sec.  . 037  v. s e c .  

1 3 .   G r e e n   L i n e   I n t e n s i t y   P e a k ,  1 . o  v .  0 . 2  v. 
In t eg ra t ed  . 165 v .  s e c .   . 0 6 0  v .  sec .  

14. P e a k   P r e s s u r e  & Dura t ion  No Da ta   0 .54   ATM 
0 . 5  sec .  

15 .   B lue /Green   Ra t io  0 . 1 5   0 . 5  

1 6 .  L i g h t   D u r a t i o n   B l u e ,   G r e e n  
and   Dura t ion  

B :   . 4 ,   1 . 4  B: 0 . 6 6  sec .  
E =  1 . 8  

G :   . 4 ,   . 8 ,   2 . 2  
t = 3 . 4  

I 1 7 .   P l u m e   G e o m e t r y  I 
1 8 .   E f f l u x   T i m e :   P r e s s u r e ,   L i g h t  P: 2 . 2  sec.  P: . 5  s e c .  

and  Window 
W: . 7 5   s e c .  W:  0 . 6  sec .  
L: 5 sec. L: . 6 6  sec.  

I 19.  T i m e   t o   D i a p h r a g m   B u r s t  ( N o  Data  1 < . I  s e c  

120.   Residue  Condi t ion 2 - 3  mm & l a r g e r   F i n e   C U  
(up   to  1 c m . )  C o l o r e d   D u s t  
C IJ Nuggets  

21 . Nozzle  Buildup 4 cm. D i a m .  
1 c m .  High 

~~ 

22.  '70 o f   Reac t ion   Comple t ion   Coated   to   Depth  
of 3 to 8 mm 

2 3 .   I n t e r n a l   T e m p e r a t u r e  

24 .   Nozz le   E ros ion  

5000 F 

5 3  A T M  

L a r g e  

75% 

4 0   R P M  

5 mm 

No 

No 

1 

8 l a y e r s  
(2 .  8 g m / c m 3 )  

Ventron 

288 g .  

. 3 5  v. 

. 0 5 2  v .  sec .  

2 . 0  v .  
. 105 v. sec.  

1 . 4 2   A T M  
2 .  s e c  

3 .175  

B: 1 . 1  s e c .  

___"___ 

X: 1 . 6  s e c .  

~- 
P: 2 s e c .  
L: 1 . 6  sec .  
N :  i s ec .  

. 0 7 7  sec .  

Fine  CU 
Zo lo red   Powder  

- 

H~ollow s h e l l - s t u c k  
:o top   (Photo)  



TABLE LIB. PHASE I TEST  DATA 

Test No .  10 9 8 

C o n t r o l l e d   P a r a m e t e r s  

1 .  D i a p h r a g m   B u r s t   P r e s s u r e  

2 .  Particle Size of Ba  

3 .  F o r m u l a t i o n   P e r c e n t   C o m p o s i t i o n  
(Ba) 

4 .  Speed of Window  Rotat ion 

5 .  G a p f C o m p r e s s i o n  

6 .  In te r ior   ZrOZ  Coated  

7 .   C a r b o n   T h r o a t s  

8. No. of Squibs  

9 .   N o .  of I n c r e m e n t s   P r e s s e d  
- 

10 .   Vendor   Source   fo r   Ba r ium 

1 1 .  Weight  of C h a r g e  

12 .   Blue   L ine   In tens i ty   Peak ,  
I n t e g r a t e d  

1 3 .  G r e e n   L i n e   I n t e n s i t y   P e a k ,  
I n t e g r a t e d  

1 4 .   P e a k   P r e s s u r e  & D u r a t i o n  

1 5 .  B l u e / G r e e n   R a t i o  

1 6 .   L i g h t   D u r a t i o n   B l u e ,   G r e e n  
and   Dura t ion  

17.  P l u m e   G e o m e t r y  

18 .  E f f l u x  Time: P r e s s u r e ,   L i g h t  
and  Window 

1 9 .  Time to D i a p h r a g m   B u r s t  

20 .   Res idue   Condi t ion  

21.   Nozzle   Bui ldup 

22.  '70 of Reac t ion   Comple t ion  
"_ 

2 3 .   I n t e r n a l   T e m p e r a t u r e  

2 4 .   N o z z l e   E r o s i o n  

100 ATM 100 A T M  

L a r g e   L a r g e  

40 r p m  I 40 rpm- 

F u l l  1 F u l l  

No I No 

No I N o  

P l a y e r s  

( 2 . 8   g m / c m  3 ( 2 . 8   g m / c m 3 )  

8 l a y e r s  

Vent ron  

288-4  
= 284 g 

Vent ron  ____ .. - 

288-8  
= 280  g .  

. 16 v.  
, 0 7 1  v .  s e c .  

. 7 5  v .  

. 0 9 8  v .  s e c .  

0 . 8  v .  
. 0 1 7   v . s e c .  

2 . 0  v .  
. 0 15  v .  sec .  

- 

I 2 . 0 4  ATM 7 .  15  ATM 
0 . 4  s e c .  1 .4  s e c .  

0 . 2 1 4  0 . 4 0 0  

B: 0 . 9   s e c .  
G :   0 . 9   s e c .  

B: . 1 8   s e c .  
G :   . 0 3   s e c .  

P: 0 . 4  s e c .  P: I . 4  s e c .  
L: 0 . 9   s e c .  , L: . 1 8  sec .  
W: I s e c .  W:  . 2 3  sec.  

No Data  1 1 s e c .  

5000 F 

I 

100 A T M  

L a r g e  

7 5% 

4 0   r p m  

F u l l  

N o  

No  

1 

8 l a y e r s  

( 2 .  8 g m / c m 3 )  

Vent ron  

"_ 

___ " " " 

. - - " " 
288-  1 1  
= 277 g .  

. 5 2  v .  

. 0 5 3  v .  s e c .  

1 . 8  v .  
. 0 8 9   v . s e c .  

I .  49 AT" 
0 . 4   s e c .  

0 . 2 8 9  

B :  0 . 4 8  sec .  
G:  0 . 7 6  s e c .  

Pho to   Dep .   Pa t t e rn  
Cone   Ang le   7"  

P :  4 s e c .  
L: . 7 6  sec.  
W :  . 2 3  sec .  

. 2 7   s e c .  

__".___. ".___ 

- 

A f t e r   f i r i n g ,   c a n  
s t i l l   ha l f   fu l l  
- 



TABLE IIC. PHASE I TEST DATA 
~~ 

Test No.  12  
" 

C o n t r o l l e d   P a r a m e t e r s  

1. D i a p h r a g m   B u r s t   P r e s s u r e  

2 .   P a r t i c l e   S i z e  of B a  

3 .  F o r m u l a t i o n   P e r c e n t   C o m p o s i t i o r  

" 

( B a )  

4 .  Speed of Window  Rotation 

5 .   G a p I C o m p r e s s i o n  

6 .  In t e r io r   Z rO2   Coa ted  

7 .   C a r b o n   T h r o a t s  

8 .  N o .  of Squibs  

9 .  No. of I n c r e m e n t s   P r e s s e d  

. . .  

~ ~~ 

1 0 .   V e n d o r   S o u r c e   f o r   B a r i u m  

1 I .  Weight   of   Charge 

12 .   Blue   L ine   In tens i ty   Peak ,  
~ .. 

In t eg ra t ed  
~. - " 

1 3 .   G r e e n   L i n e   I n t e n s i t y   P e a k ,  
In t eg ra t ed  

1 4 .   P e a k   P r e s s u r e  & Durat ion 
~ .. 

1 5 .  B lue   /Green   Ra t io  

1 6 .  L igh t   Dura t ion   B lue ,   Green  
c _ ~ - . _  ~ "" 

and   Dura t ion  

___ "" ~ - 
1 7 .  P l u m e   G e o m e t r y  

1 8 .   E f f l u x   T i m e :   P r e s s u r e ,   L i g h t  
and  Window 

" 

19.  T i m e  to D i a p h r a g m   B u r s t  

2 0 .  Residue  Condi t ion 
" ~ ~ . 

"" . -. . . . . .  ". 

21.   Nozzle   Bui ldup 

22 .  70 of React ion  Complet ion 
_ _ ~  ". ."~_ . ~~~ 

2 3 .   I n t e r n a l   T e m p e r a t u r e  

24 .   Nozz le   E ros ion  
~ ~ . ~~ - 

1 0 0   A T M  

L a r g e  

70% B a  

." 

- " 

40 r p m  

. .~ 

1 

8 l a y e r s  

( 2 . 8   g m / c m 3 )  

Ventron 

2 8 8   g .  

1 . 8  v. 
. 041  v. s e c .  

2 . 1  v .  
, 0 5 0  v. s e c .  

1 0 . 2  A T M  
2 s e c .  

0 . 8 5 8  

B: .07 s e c .  
G :  . 0 7  s e c .  

~- " 

~~~ ~- ...... 

- ~. 

. . - - . - . 

~ 

-~ . ~~ 

~. . . . . .  

__ " 
P:. 2 s e c .  
L :  .07 s e c .  
W:  0 . 3   s e c .  

1 .  1 s e c .  

Fine  CU 
-. ~ " " 

Colo red   Powder  
~" . ~. 

". . ~~ ~~ 

Hole   burned   in  
p r e s s u r e   t u b e  

" 

3L 

100   ATM 

L a r g e  

70% B a  

. . . .  

.. ~ 

- ~ .~ 

1 

8 l a y e r s  

(2 .8  grn /crn3)  

Ven t ron  

2 8 8   g .  

. 7  v. 
, 0 2 3  v. s e c .  

1 . 2  v. 
, 0 3 4  

4 . 7 6   A T M  
. 5   s e c .  

0 . 5 8 4  

B :   . 0 4   s e c .  
G: . 1 s e c .  

. . . . . . . . .  

. .  . 

. . .  

.~ ~ " 

. . ~ .  

-~ 

P :  . 5  s e c .  
L :  . 1 s e c .  
W: . 6  sec .  

. 3 8   s e c  

.- . . 

. .  

Hole  burned  in 
i n   p r e s s u r e   t u b .  
near   nozz le  

L O O  A T M  
. .  

$0 r p m  

Full  

3 l a y e r s  

2 . 8   g r n / c m 3 J  

Ventron 

" 

... 

' 8 8  g .  

64 v .  
035 v .  s e c .  

. 8 v. 
04 1 

"" - -~ 

. .- .. - 

:. 58  ATM 
6 sec.  

1.355 
__ . -  

3 :  . I ,  . 0 5  

;: . I ,   . 0 5  
= . 15  sec 

= . 15 s e c  

': . 6   s e c .  
d :  . 5   s e c .  
V :  . 5  sec. 

4 4   s e c .  

~ .~ 

.- 

" . 

. .  

o m e   o r a n g e  
o l o r e d   m a t e  
n r e s i d u e  

" 



~ . .~ 

1. 

I T e s t  No. 

C o n t r o l l e d   P a r a m e t e r s  
~. 

D i a p h r a g m   B u r s t   P r e s s u r e  

2 .  

3 .  

~. . 

4 .  

5 .  

6.  

7 .  

8 .  

9.  

~~ 

- " 

" 

.~ 

10.  

11 .  
. . .  

P a r t i c l e   S i z e  of Ba 

F o r m u l a t i o n   P e r c e n t   C o m p o s i t i o n  
~. 

( B a )  

Speed of Window  Rotat ion 

G a p / C o m p r e s s i o n  

In te r ior   ZrOZ  Coated  

C a r b o n   T h r o a t s  

No. of Squibs 

No.  of I n c r e m e n t s   P r e s s e d  

~" 

. -  

. . . . . . . .  .~ .~ 

"" .~ 

. . . .  ~- . "~ . . 

. .  . . . . . . . . . .  "" 

Vendor   Source   for   Bar ium 

Weight of C h a r g e  
. ~~ ". ~. . 

12.  

13.  

14 .  

. . . .  

15.  

16. 

17. 

18 .  
~ . 

19. 

2 0 .  

Blue   Line   In tens i ty   Peak ,  
In tegra ted  

G r e e n   L i n e   I n t e n s i t y   P e a k ,  
In tegra ted  

P e a k   P r e s s u r e  ((i Durat ion  

. . . . .  

~ . . . .  

. . .  . .  . . .  

B l u e / G r e e n   R a t i o  

L igh t   Dura t ion   B lue ,   Green  
and   Dura t ion  

P l u m e   G e o m e t r y  

E f f l u x   T i m e :   P r e s s u r e ,   L i g h t  
and  Window 

.~ . . . . . . .  . ... -. 

. -  . . , . .~ ~" 

- - . . . 

T i m e  to D i a p h r a g m   B u r s t  

Res idue   Condi t ion  
~ ~. . . .  

.- - ~ _ _  ~ 

2 1 .  Nozzle  Buildup 

2 2 .  % of Reac t ion   Comple t ion  
- ~ . - . 

- .  ". 
2 3 .   I n t e r n a l   T e m p e r a t u r e  

24 .   Nozz le   E ros ion  

. "_ ~~~ . "  ~ 

-~ - " ..~" . ~- " 

15  16 
- 

" 

100 A T M  

L a r g e  

7 8 . 5 %  Ba 

~ .. 

~.~ .. 

40 r p m  

F u l l  

No 

No 

1 

8 l a y e r s  

( 2 . 8   g m / c m '  

Vent ron  

2 8 8   g .  

~. 

. . . .  

"_ ~~ ... 

. . . .  

. .  

. 1 6   v .  

. 0 0 1 4  v. s e c  

. 3 6  v. 

.0023 

6 . 8 0   A T "  
2 s e c .  

0 . 4 4 4  

B: . 0 2   s e c .  
G:  . 0 1  s e c .  

. .  

. . .  - 

. . .  

. 

- 

P: 2 s e c .  
L: . 0 2  s e c .  
W: . 6   s e c .  

~~~~~ - 

* 2  s e c .  
. . . . .  

100 ATM 

78.5%  Ba  78.  5%  Ba 

L a r g e   L a r g e  

100  ATM 
~. 

.. ~~ 

40   rpm 

F u l l  

No  No 

F u l l  

Ventron 

( 2 . 8   g m / c m  ) (2 .8   g rn / cm 3 ) 

8 l a y e r s  8 l a y e r s  

I 1 

No N o  

. ~~ 

4 0   r p m  
~ " _. 

. "_ . - ~ .  

. ~ 

.. ~ 

3 
- . ". 

Ventroil  
. .  "" 

288-10 288-5 
= 278 g .  

2 . 0 4   A T M  1 . 6 3   A T M  

. 0 7 7 9  . 0 7  11 
1 . 8  v .  1 . o  v .  

0 . 3 1 1   v . s e c .  . 0 3 5 6   v . s e c .  
1 . 9  v .   . 1 8  v. 

= 283   g .  

. 3   s e c .   . 4   s e c .  

0 .  180 1 . 0 6  

B: . 5   s e c .  B: . 3  s e c .  
G :   . 6   s e c .  G :  . 6   s e c .  

"~ 

"~ . " 

. . .  

~" . - 

. . " - _. - 

~ . - - - -. . 

.... 

P: . 3   s e c .  

W: . 4   s e c .  W:  . 4   s e c .  
L: . 6   s e c .   L :   . 6   s e c .  
P :   . 4   s e c .  

. 1 8   s e c .   . 2 8   s e c .  
~ " ~ 

.. ". ~ " 

Unreacted  Ba 
r e s idue   204   g .   r e s idue   196   g .  
Unreacted  Ba 

.~ 

. . .  



TABLE I=. PHASE I TEST DATA 

C o n t r o l l e d   P a r a m e t e r s  

1 .   D i a p h r a g m   B u r s t   P r e s s u r e  

2 .   P a r t i c l e   S i z e  of Ba 

3 .   F o r m u l a t i o n   P e r c e n t   C o m p o s i t i c  
( B a )  

4 .   S p e e d  of Window  Rotation 

5 .   G a p I C o m p r e s s i o n  
" 

6 .  In te r ior   21-02   Coated  

7 .   C a r b o n   T h r o a t s  

8 .   N o .  of Squibs 

9 .  N o .  of I n c r e m e n t s   P r e s s e d  

" . 

10 .   Vendor   Source   fo r   Ba r ium 

11.   Weight  of C h a r g e  

12 .   B lue   L ine   In t ens i ty   Peak ,  

. - . .. 

In t eg ra t ed  

1 3 .   G r e e n   L i n e   I n t e n s i t y   P e a k ,  
In t eg ra t ed  

" 

1 4 .   P e a k   P r e s s u r e  & Dura t ion  
~~~~ . . . 

15.   Blue   /Green   Rat io  

16 .   L igh t   Dura t ion   B lue ,   Green  
- - "" -~ 

and  Durat ion 

1 7 .   P l u m e   G e o m e t r y  
" 

1 8 .   E f f l u x   T i m e :   P r e s s u r e ,   L i g h t  
and  Window 

19 .   T ime   t o   D iaphragm  Burs t  

20 .   Res idue   Condi t ion  
-~ ~ . 

21.   Nozzle   Bui ldup 

2 2 .  % of Reac t ion   Comple t ion  

2 3 .   I n t e r n a l   T e m p e r a t u r e  

24 .   Nozz le   E ros ion  

" ~" 

100  ATM 

L a r g e  
"~ . . ~. . 

75% 

6 r p m  

. 5   g a p  

~ . . - . . . . 

. - 

No 

N o  

1 

1 5   l a y e r s  

: 2 . 8 g m / c m 3 )  

Ventron 

3000 

.30  v .  
, 0 6 6  v .  s e c .  

. 3 5  v .  

. 066  

0 . 6 1   A T M  
1 . 7   s e c .  

0 . 8 5 7  

B: . 8   s e c .  

. .  

~~~ -~ 

. ~- .- 

.~ .. "~ ~. ~. 

.~ - 

- . . ~  . ~- 

" " . -~ 

. .. 

. .  . 

G :  . 8   s e c .  

.. 

._ ~ 

P :   1 . 7   s e c .  
L: . 8  s e c .  
W: 1 . 5   s e c .  

. 8   s e c .  

P ink   dus t  

. "  

~- . .. 

. . .  

. -. -. - - - - - 

~~ 

F r o m   1 1  mm tc 
'2 mm burned  
J r e s s u r e   t u b e  

.. 

36 

100 A T M  

L a r g e  

75% 
-~ . . .~ 

.. 

4 0   r p m  

S a m e  as 17,  
misfire, no  CU 
o n   s u r f a c e  

No 

No 

1 

15 l a y e r s  

( 2 . 8   g m / c m 2 )  

Ventron 

3000 

. 2 2  v .  
, 0 2 2  v .  s e c .  

. 0 8  v .  
, 0 0 4  

5 . 4 5   A T M  

. . -. -~ ". 

~. . 

~. . 

- ~ - 

~ . _ _ _ _ _  

- . . . .. - . ._ 

> 5   s e c .  

2 . 7 5  

B :   . 0 2   s e c .  

G :  . 0 2 ,   . 0 2  

. ." - 

- __ 

E = . 0 4   s e c .  

Photo,   Cone  angle  
of j e t  25-30', 

P: =-5 s e c .  
L: . 0 4   s e c .  
W:  1 . 5   s e c .  

1 . 2   s e c .  

Dark   b rown  
a n d   g r a y  

.~ ~___ 

- 

.. .. - ~~ 

. .. 

. ____ 

. 

- -~ 

~~ . - - 

1 0 0   A T M  

L a r g e  

75 70 

4 0   r p m  

9 mm g a p  
20  ton 

.~ - - ," 

No 

1 

1 s t r o k e  

~~ 

. - . . . - - - 

Ventron 

?88  g 

. 1 2  v.  

. 00 1 v .  s e c  . 

. 2 8  v.  

. 0 3 3  

No Data 

1 .429  

6: . 0 1 ,   . 0 1  
I = . 0 2 s e c  
2: . 7   s e c .  

?: No d a t a  
L: . 7   s e c .  
N :  1 . 1   s e c .  

. -~ __ 

*2 s e c  



TABLE IIF. PHASE I TEST  DATA 

I T e s t  No. 22 21 20 

I C o n t r o l l e d   P a r a m e t e r s  

1. D i a p h r a g m   B u r s t   P r e s s u r e  

3 .   F o r m u l a t i o n   P e r c e n t   C o m p o s i t i o n  

L a r g e  L a r g e  2 .   P a r t i c l e   S i z e  of Ba 

100  ATM 100 A T M  

7 570 

7570 
( B a )  - - ." 

4 .   Speed  of Window  Rotat ion 

1 5 . 5  mm g a p  9 mm g a p  5 .   G a p I C o m p r e s s i o n  

4 0   r p m   4 0   r p m  

20  ton  25  ton 

6 .  In t e r io r   Z rO2   Coa ted  

Graphi te  No 7 .   C a r b o n   T h r o a t s  

No No 

T h r o a t  

8 .  No of Squibs  

1 s t r o k e  1 s t r o k e  9 .  N o .  of I n c r e m e n t s   P r e s s e d  

1  1 

10 .   Vendor   Source   for   Bar ium 

. 1 5  v. 12.   Blue   L ine   In tens i ty   Peak ,  
288 g .  288 g .  11.   Weight  of C h a r g e  

Ventron  Ventron 

1 . 1  v. 
In tegra ted  . 0 1 5  v. s e c .   . 0 2 4  v. s e c .  

1 3 .   G r e e n   L i n e   I n t e n s i t y   P e a k ,  > 2 8  V. . 1 0  v. 
In tegra ted  s a t u r a t e s  . 0 1 3  

, 0 1 3  

14. P e a k   P r e s s u r e  & Durat ion  1 3 . 6  ATM 4 . 0 8  ATM 
. 7   s e c .  

B: . 7   s e c .   B :  . 9  s e c .  16 .   L igh t   Dura t ion   B lue ,   Green  

-=O. 550 1 . 5 0  1 5 .  B lue /Green   Ra t io  

. 5   s e c .  

and   Dura t ion  G :  . 2 ,   . 2   G :   . 2 ,  .04 
c = .4 s e c .  E = . 2 4   s e c .  

1 7 .   P l u m e   G e o m e t r y  

1 8 .   E f f l u x   T i m e :   P r e s s u r e ,   L i g h t  P: . 7   s e c .  

W :  . 7   s e c .  W. . 9   s e c .  
L: . 7   s e c .  L: . 9   s e c .  and  Window 
P :  . 5  s e c .  

"~ 

1 9 .   T i m e   t o   D i a p h r a g m   B u r s t  

20 .   Res idue   Condi t ion  

. I s e c .  . 2  s e c .  "_ 

21.   Nozzle   Bui ldup 

2 2 .  70 of Reac t ion   Comple t ion  

2 3 .   I n t e r n a l   T e m p e r a t u r e  

24 .  Nozz1.e E r o s i o n  
__- 

37 

100  ATM 

L a r g e  

7 570 

40 r p m  

15 m m   g a p  

N o  

Graphi te  
T h r o a t  

1 

15   l aye r s  

(2.  e g m / c m 3 )  

Ventron 

3000 

. 2 8  v. 

.0032 

. 3 8  v. 

.0016 

- 

No da ta  

0 . 7 3 7  

B: . 0 5  s e c .  
G: . 0 4   s e c .  

P: No  Data 
L:  . 0 5  s e c .  
W: . 5   s e c .  

1 . 2 5   s e c .  

D a r k   r e s i d u e  
S m o l d e r e d   g r e y  
d u s t  

5 . 7 c m  x 0 . 7 6 c m  

To 1 .  59 crn 



TABLE IIG. PHASE I TEST  DATA 

24   25  
- 

C o n t r o l l e d   P a r a m e t e r s  

nt   Composi t iol  

and  Window 

100 ATM 

L a r g e  
- 

- 
75% 

5 5   r p m  

15 mm gap 

- 

G r a p h i t e  
T h r o a t  

1 

15   l aye r s  
( 2 . 8   g m / c m 3 )  

Ventron 

3000 

. 2 5  v. 

. 2  52 

. 2 5  v. 

. I 2 6  

1 . 7 0   A T M  
. 3   s e c .  

1 . 0 0  

B: . 0 9 4   s e c .  
G:  . 0 4 7   s e c .  

P: . 3  s e c .  
L: . 0 9   s e c .  
W: 1 . 1   s e c .  

No d a t a  

D a r k   m a t e r i a l  
a n d   g r e y   d u s t  

7.Ocm x 0 . 9 6 c m  

_ _ _ _ _ ~  

" 

1 . 4 3   c m  

~~ - 

L a r g e  

75% 7 5% 

G r a p h i t e   G r a p h i t e  
T h r o a t   T h r o a t  

1 1 

15   l aye r s   One   s t roke  
( 2 . 8   g m / c m 3 )  

Alfa  Alfa 

3000  228  g .  

. 3 8  v. No Data 

. 3 1  v. . 7  v. 

.022  5 .OOl9 

1 1 . 8 2   A T M  1 3 7 . 2   A T M  
=-2 s e c .  . 1 5   s e c .  

1 . 2 3  No Data  

B: . 15 s e c .  B: N o  Data  
G :  . 1 5   s e c .  C:  . 0 6   s e c .  

P :  > 2 s e c .  P: . 1 5   s e c .  
L: . 15 sec. L: . 0 6   s e c .  
W: 1 s e c .  W: s h o r t  

1 . 9   s e c .  . 0 8  s e c .  

D a r k   M a t e r i a l   F i n e   r e d - p i n k  
and   p ink   dus t   powder  

6 .  Ocm x 0 . 9 6 c m   A s s y m e t r i c a l  
l u m p   0 . 3 2 c m  

1 . 4 3   c m   1 . 1   c m  



TABLE IIH. PHASE I TEST  DATA 

1 I I 

H 



TABLE III. SUMMARY OF EXPERIMENT  RESULTS O F  PHASE 11 

I I I I 
( 4 5 5 4 i )  RATIO  INTE- GREEN  BLUE (5535ii)  

SYSTEM GRATED BLUE' INTEGRA TED INTEGRATED  GREEN BLUE  INTERNAL  PRESSURE 
TEST  RESIDUE  TO  GREEN (VOLT-SECONDS) (VOLT-SECONDS) PEAK  PEAK T E M P  (ATMI 

":A: 1 -  0 6 5 -  1- I 0 .55V 

0 . 3 0 ~  

70 g m  0.295 3 . 6 3  x 1 . 0 7  x 0. 30V 0 .  15  65  MV  0.08V 

57 g m  0 .257  1 . 9 4  x 0 . 5 0  x 

~- ~ ~ ~~~~ ~ ~ ~ 

A 13 

66 g m  0 . 2 9 8  6.   23 x 1. 82 x 0.4OV 0.  14V 160 MV 2. 24 A 1 4  

5 9  g m  0 .  179 3 . 0 7  x 10-2   0 .55  x 0 .  38V 0 . 0 7 V  80  MV 

~ ~~~~ 

A/6 I 2.   24 I 210  MV 1 0. 1OV I 0.23V 1 1.   18  x 1 3 . 4 3  x I 0. 344 1 52 g m  
~ ~~ ~~ ~~ ~~ 

B / 1  

71 g m  0 . 3 9 4  7 . 1 0  x 10-2 2. 80 x 0.  80V 0. 34V 80 MV 3.  33 B / 2  

71 g m  0. 330 6 . 4 6  x 2. 13  x 0.  64V 0.20V 75  MV 1.  97 

B / 3  1 1.  71 I 85  MV 1 0.22V I 0 . 6 4 V  1 2 .  52 x I 7. 50 x 1 I 
0.336 I 78 g m  

B / 4  I 1 . 9 7  I 60  MV I 0.28V I 0.62V I 2 . 4 4  x 1 6 . 5 0  x I 0.376 / 71 g m  

B / 5  I 1.  80 1 55  MV 1 0 .  20V 1 0 . 4 8 V  1 2 . 6 4  x 1 6.  82 x 1 0. 387 1 91 gm 

/ 1 :::::: 1 
c 12 GREATER GREATER MORE MORE  3.  52 .,. .I. ,,. _,_ 70 g m  

' 

7.  90 x 1 0 . 4  x 1 . 5 v ::: 1 v ::: 
THAN THAN  THAN  THAN 

c I 3  50 g m  1.  87 2 .  96 x 5.  52 x 1.  50V 5. OOV 220 MV 2.  78 

c 1 4  0.  144 8 . 2 0  x 1 .  18 x 3.28V 1. OOV .L .I. 4, ..._ ,..,. 



SECTOR BOUNDARY OR 
PROPAGATING SHOCK 

-- 30 Re 

MAGNETOPAUSE 

t 30 Re 

VIEW  LOOKING  NORMAL  TO  ECLIPTIC  PLANE 
SYMMETRY ASSUMED FOR SIMPLICITY 

o= EXPERIMENT  LOCATION 
1. ACTIVE BOW SHOCK 7. SECTOR  BOUNDARY 

2. MULTIPLE  DIAGNOSTIC 8. PROPAGATING SHOCK 

3. POLAR  REGION,  NEUTRAL  POINTS 9. CLOSED  FIELD  DIAGNOSTIC 
4. MAGNETOTAIL 10. SOLAR WIND DISTANCE  VARIANCE 
5. LUNAR  WAKE 
6. INTERPLANETARY  DIAGNOSTIC 

AND  ARTIFICAL SHOCK 

FIGURE 1 .  POSSIBLE PLASMA  CLOUD  EXPERIMENTS 
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lo\ 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 

Ll 
i L 4 - 4  7 

A 
J- 

6 

15 

CANISTER OUTSIDE DIAMETER, 3.375"  (8.572 CM) 
CANISTER HEIGHT, 3.50"  (8.89 CM) 
CANISTER INTERNAL  HEIGHT, 2.218"  (5.634 CM) 
CANISTER INTERNAL  DIAMETER, 1.968"  (4.999 CM) 
CANISTER AND COVER MADE OF STAINLESS STEEL 
CANISTER BOTTOM THICKNESS, 0.402"  (1.021 CM) 
CANISTER WALL THICKNESS, 0.704"  (1.788 CM) 
CANISTER TOTAL  VOLUME OF INTERNAL  CAVITY, 110 CM3 (NOMINAL) 
CANISTER COVER  THICKNESS, 0.88"  (2.235 CM) 
CANISTER COVER  BOLTS 
CANISTER IGNITER 
CANISTER NOZZLE OPENING, 0.437" DIAMETER (1.110 CM) 

"0" RING SEAL 

(IGNITER  FLAME PASSAGE THROUGH BARIUM  METAL UPPER LAYER TO THE 
THERMITE MIX BOTTOM LAYER) 

PRESSURE  TRANSDUCER LINE-CONNECTION 

ALUMINUM TUBE ASSEMBLY-CANISTER CAVITY INSERT FOR  SYSTEM C TESTS 

FIGURE 2.  STAINLESS STEEL CANISTER  ASSEMBLY SCHEMATIC 



- 0.8 M- 

E 

G 
ROTATING 
WINDOW 
DETAIL 

2.3 M 

1 
C 

t 

VACUUM 
TANK  SET-UP 

KEY:  A - CANISTER 
B - PLUME 
C - WITNESSPLATE 
D - JARREL-ASH  GRATING  SPECTROGRAPH 
E - CAMERA OF VISIBLE  RANGE  SPECTROGRAPH 
F - HALF  SILVERED  NEUTRAL  DENSITY  BEAM-SPLITTER 
G - ROTATING  WINDOW  (LUCITE) 

OPTICAL  PATH  (PERPENDICULAR  TO  PLUME  AXIS, i.e., B, F, D) 

PHASE I 

- SMALL  CANISTERS - 63 CM 
- LARGE  CANISTERS - 99 CM 

PHASE II 
ALL -88.4 CM 

FIGURE 3. TEST SET-UP AND OPTICAL  PATH 



. . - . - . -. . . "" 

r 700 KM (1.53 x lo9 TORR) 

ALTITUDE 
PRESSURE 

RANGE 

400 KM (4.25 x lo-* TORR) ! I  I 100 KM (1.60 x lo4 TORR) 

1 .O A T M  

A 

LOW - ULTRA  HIGH 
K 
Y 
X 

VACUUM 
a. 

RANGES ?3 
PER NBS E a 

25 . 
10-17 10-15 10-13 10-11 10-9 10-7 10-5 10-3 10-1 1 IO 102 760 TORR 

(MM HG) 

SYSTEM t ONE  STAGE 
MAXIMUM 

CAPABILITY 
MECHANICAL PUMP 
(2 x 101 TORR) 

SORPTION  (INEFFICIENT)  MOLECULAR  DRAG 
AND  IONIZATION PUMPS 
(10-10 TORR) 

MECHANICAL  PUMP 

ALSO  CRYOPUMPING 
x 101 TORR) 

(10-4 - 1010 TORR 
FOR A 3OOK to 2OoK) (107 TORR) 

FIGURE 4. SUMMARY COMPARISON OF VACUUM REQUIRE- 
MENTS AND SYSTEM  CAPABILITIES 
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CHEMICAL & PHYSICAL 
ANALYSIS OF RESIDUE 

0 INTERNAL PRESSURE 

\ / 0 TIME  TO BLOW OUT 

\ / / DlSK RUPTURE 

I/U \ 

f I \ 

I I 0 45448 Ba' LINE  INTENSITY 
TEMPERATURE  AT 
TOP OF CANISTER 0 5535A Bao LINE  INTENSITY 

0 

0 EFFLUX  TIME 
TEMPERATURE IN 
BOTTOM OF 0 PLUME  SPECTRUM 
FORMULATION 

0 PLUME  PHOTOGRAPHY 

FIGURE 5.  SCHEMATIC OF TEST CANISTER AND PARAMETERS MEASURED 



100 1 

90 - 

80 - 

70 - 

60 - 
i 

50 - 

40 - 

30 - 
I 

KNOWN+* 
+ EXTRAPOLATED 

1500 3000 

TEMP. O K  

4500 

'(UNPUBLISHED  TABULAR  DATA) 

FIGURE 6. TUNGSTEN  RHENIUM  THERMOCOUPLE CONVERSION DATA 



1. 
2. 
3. 
4. 
5. 
6. 
7 .  
8. 
9. 

10. 
11. 
12. 

SAMPLE BOTTLE OPENING  SOLONOID 
SEPARATE  SAMPLE BOTTLES FOR BARIUM  AND  OXIDIZER 
MIXER  AND  DRIVE MOTOR  ASSEMBLY 
ROTATING WINDOW COVER 
SPECTROMETER VIEWING WINDOW TUNNEL 
MAIN SUPPORT MOUNTING  BRACKET 
CANISTER  SHAKER  SOLONOID  ASSEMBLY 
CANISTER AND HOLDER 
PRESSURE TRANSDUCER HYDRAULIC  LINE 
CANISTER  LOADING  FUNNEL 
MIXER POSITIONING  MOTOR 
FUNNEL  VIEWING  MIRROR  (PART OF EXTERNAL  VACUUM 

CHAMBER VIEWING ASSEMBLY) 

FIGURE 7 .  REMOTE HANDLING APARATUS 



, . ".... 

13 12 ........ 
0 @ @ @ @ @ @ @ @ @  CHARGE 

OFF @ 
FIRE 

b 
REMOTE CONTROL PANEL FIRING PANEL 

SEQUENCE OF OPERATIONS 81 KEY 
1. MAIN POWER SWITCH FOR CONTROL PANEL 
2. SAMPLE BOTTLE OPENING SWITCH 
3. MIXER POSITIONING SWITCH 
'4. MIXER OPERATION SWITCH 
5. SAMPLE DUMPING SWITCH 
6. CANISTER AND FUNNEL SHAKER SWITCH 
7. FUNNEL OBSERVATION LIGHT SWITCH 
8. FUNNEL REMOVING SWITCH 
9. CANISTER UNLOCKING  AND POSITIONING SWITCH 

10. BACK-UP CANISTER POSITIONING MOTOR  SWITCH 
11. FIRING CIRCUIT CAPACITOR CHARGE AND  FIRING SWITCH 
12. FIRING PANEL SHORTING BAR 
13. TEN INDICATOR  LIGHTS 

FIGURE 8. SCHEMATIC OF REMOTE HANDLING SYSTEM CONTROL PANEL 
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0.20 

0.18 

0.16 

0.14 

0.12 

0.10 

0.08 

0.06 

0.04 

0.02 

0 

0 

- 

" 

0 

0 

1 

0 INTEGRATED  GREEN,  5535  A 

0 INTEGRATED  BLUE,  4554  A 

FIGURE 9 .  RELATIVE  PERFORMANCE BASED UPON INTEGRATED  LIGHT  OUTPUT 
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FIGURE 10. SMALL CANISTER  PLUME 
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TEST  NO.  24 

PPM Ba 9 6 28  153 62  86 26 (WINDOW DEPOSITION. PPM Ba) 

TEST  NO.  25 

5535: 
0.1  SEC/CM 
0.1 V/CM' 

PR ESSUR E 
0.2 SEC/CM 
0.5 VICM 

+ 4554 ;I 
5  MSECKM - 0.1 VICM 

4554 x 
5 MSECICM 
0.1 VICM 

PPM Ba 44 30 17 25 34  5 9 (WINDOW DEPOSITION. 

FILTER FACTOR OF 10 
(10% TRANSMISSION) 

PRESSURE 
0.1 SEC/CM 
1 V/CM 

FIGURE 1 1 .  REPRESENTATIVE  DATA  TRACES FROM PHASE I FIRINGS 



FIGURE 12. RESIDUE FROM A  CANISTER WHERE QUENCHING OCCURRED 



FIGURE 13. NOZZLE  EROSION  AND BARIUM CONDENSATION 
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ROTATING WINDOW TEST CHAMBER INTERIOR 

ROTATING WINDOW FRAME  NOZZLE  EROlSlON 

FIGURE 14. EFFECTS OF LARGE CANISTER FIRING 
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FIGURE 15. BARIUM-CUPRIC OXIDE SYSTEM 
PRE-IGNITION 

c .  
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SYSTEM A, TEST  NO. 6 SYSTEM B, TEST  NO. 2 
CHART SPEED 10.2 CM/SEC CHART SPEED 10.2 CM/SEC 
ALL CHANNELS:  SENSITIVITY = ALL  CHANNELS: 0.0985 VOLTS/CM 
0.0985 VOLTSICM 

BLUE  LINE w' " - 

GREEN  LINE llyJ" 

PRESSURE 
"""I 

1 CM 

BLUE  LINE "7- 
GREEN  LINE 
TEST  NO. 8 
SYST. B 

~"-.,"--- 

PRESSURE A 

SYSTEM C, TEST  NO. 5 
CHART SPEED, 10.2 CM/SEC 

NEUTRAL  DENSITY 0.7 FILTER USED, 
FILTER FACTOR = 5 

BLUE  CHANNEL 0.5 VOLTS/INCH 

GREEN  CHANNEL  0.0985  VOLTS/CM 

I 

THERMOCOUPLE  TRACE 
a50 MILLISECICM. 
a UPPER 0.2 VICM. 

CANISTER  THERMOCOUPLE 
50 MILLISECICM. 
LOWER .05 VICM. 

CANISTER  THERMOCOUPLE 
a 0.2 SECICM. 

LOWER .1 VICM. 

FIGURE 16. COMPARISON OF PHASE II SYSTEMS 
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? '  

" 
rrc 

FIGURE 17. CANISTER,  SYSTEM A TEST 1 
(BARIUM  CUPRIC OXIDE) 
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FIGURE 18. CANISTER,  SYSTEM B TEST 1 
(BARIUM MOLYBDIC OXIDE) 



FIGURE 19. CANISTER,  SYSTEM C TEST 3 
(BARIUM, ALUMINUM MOLYBDIC OXIDE) 
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PARTICLE 
SIZE - M M  

3 -  

m o o  0003(sD ooo 

1 -  
.8 - 
- 

- REPORTED  RANGE OF 
GERMAN  CANISTER  PRESSURES 

(PLOTTED  AT  BOTTOM  OF 
SIZE  RANGE  DUE  TO PRESENCE 
OF 20% OF Ba OF 0.149rnm PARTICLE 
SIZE) 

.6 - 

(NO BLOWOUT  DIAPHRAGHM) m 

.1 1 1 1 1 1 1  1 1 1  1 I 1 1 I I l l  1 1 .  1 
0.68 6.8 68.0 

PRESSURE - ATM 

(a) PARTICLE  SIZE  RANGE  USED FOR STANDARD Ba-CuO FORMULATION 
(b) PARTICLE  SIZE  RANGE  USED  FOR  PHASE I1 
( c )  PARTICLE SIZE RANGE  USED  FOR  SMALL  SIZE Ba, PHASE I TESTS 

FIGURE 20. PARTICLE SIZE VERSUS PEAK PRESSURE 
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